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ABSTRACT 
Craterform and related features on Ganymede and Callisto include bowl-
shaped craters , craters with nearly fiat floors, craters with central peaks , 
craters with central p its, basins, crater palimpsests and penepalimpsests, and 
giant multiring systems of ridges and furrows . The large majority of all craters 
larger than 20 km diameter have a central pit. The pits are interpreted as 
formed by prompt collapse of transient central peaks . Most craters , in all size 
ranges , are highly flatten ed as a consequence of topographic relaxation by slow 
viscous or plastic flow. 
Analysis of the global distribution of craters and multiring structures on Cal-
listo reveal that the large multiring structures are concentrated in the leading 
hemisphere, whereas craters are depleted here . Calculations of model crater 
retention ages based on a sample of 2000 craters ~ 30 km in diameter show 
that the mean age of Callisto's surface is between 4 .0 and 4.2 Gy. Variations in 
the surface u.ges, derived from different diameter craters , suggests that larger 
craters are not retained from as early a period in time as were the smaller 
craters; this is in agreement with the results predicted by viscous relaxation 
theory where large wavelength features relax at a faster rate than do small 
waveiength features . Most of the variations in the observed distribution of 
craters can be explained satisfactorily by the effects due to the formation of 
multiring structures, and on the viscous relaxation of craters beneath an insu-
lating regolith. 
About 1000 topographic profiles of craters on Ganymede and Callisto were 
obtained by photoclinometry. Fresh craters on Ganymede and Callisto have 
depth-to-diameter ratios and rim height-to-diameter ratios similar to those of 
fresh luna r craters , but most craters are much shallower. Small craters have 
xi 
not flattened or relaxed as much as have large craters; comparison of the crater 
profiles with the results from theoretical of crater relaxation studies in a 
viscous medium, allows determination of the viscosity at the surfaces of 
Ganymede and Callisto, and, also, determination of the viscosity gradient with 
depth. The derived mean surface viscosity for the lithospheres of Ganymede 
and Callisto is 1.0 ± 0.5 x 1026 poise. For Ganymede, the estimated thermal 
gradient at "'3 .9 Gya was;;.:.: 8 K/km; the thermal gradient can be modelled as 
decreasing approximately exponentially with time, with an e-folding time of 
about 108 years ; the estimated present thermal gradient is ~ 2 .0 K/km. For 
Callisto . the thermal gradient was;;.:.: 3 K/km at "'4.1 GYA and the decrease in the 
thermal gradient can be modelled as an exponential dropoff with an e-folding 
time between about 5 x 107 and 2 x 108 years; the estimated present thermal 
gradient on Callisto~ 1.5 K/km. 
High resolution Voyager II images of Enceladus reveal that some regions on 
its surface are highly cratered; the most heavily cratered surfaces probably date 
back into a period of heavy bombardment. The forms of many of the craters, on 
Enceladus, are similar to those of fresh lunar craters , but many of the craters 
are much shallower in depth, and the floors of some craters are bowed up . 
Analysis of the forms of the flattened craters on Enceladus suggests that the 
viscosity at the top of the lithosphere, in the most heavily cratered regions, is 
between 1024 and 102 5 poise . The exact time scale for the collapse of the craters 
is not known, but probably was between 100 My and 4 Gy. The flattened craters 
are located in regions in which the heat flow was (or is) higher than in the adja-
cent terrains . Because the temperature at the top of the lithosphere of 
Enceladus would be less than, or equal to that of Ganymede and Callisto , if it is 
covered by n thick regolith, and because the required viscosity, on Enceladus, is 
--
xii 
one to two orders of magnitude less than for Ganymede and Callisto, it can be 
concluded that the lithospheric material. on Enceladus, is different from that of 
Ganymede and Callisto. Enceladus possibly has a mixture of ammonia ice and 
water ice in the lithosphere, whereas the lithospheres of Ganymede and Callisto 
are composed primarily of water ice. 
Jew field measurements of elevation of Provo-level and Bonneville-level shore-
line terraces, of Lake Bonneville, provide data for reanalysis of isostatic rebound 
in the Lake Bonneviile basin. Analysis of the differential rebound between the 
Provo shoreline (maximum rebound of 43 m) and the Bonneville shoreline (max-
imum rebound of 69 m) requires that the latter be an equilibrium shoreline. 
From the new data, t he best estimate of the upper limit of effective viscosity of 
the uppermost mantle , assuming a half-space model and a 2000 year time inter-
val between the Bonneville and Provo shorelines , is 2 x 10 19 N sec m-2 (2 x 1020 
poise). ln addition, comparison of shoreline rebound profiles, for both shore-
lines, with theoretical plate flexure models indicates that the mean flexural rigi-
dity of the Basin and Range lithosphere in this region is 1 x 1023 m, or slightly 
less. 
1 
PAPER 1 
CRATERS AND BASINS ON GANYMEDE AND CAI.J..JSTO: 
MORPHOLGICAL INDICATORS OF CRUSTAL EVOLUTION 
by QUINN R. PASSEY 
and 
E.M. SHOEMAKER 
Chapter 12 in THE SATELLITES OF JUPITER 
2 
.ABSTRACT 
Craterform and related features on Ganymede and Callisto include bowl-
shaped craters, craters with nearly fiat floors . craters with central peaks, 
craters with central pits, basins, crater palimpsests and penepalimpsests, and 
giant multiring systems of ridges and furrows. The large majority of all craters 
larger than 20 km diameter have a central pit. The pits are interpreted as 
formed by prompt collapse of transient central peaks. Most craters, in all size 
ranges, are highly flattened as a consequence of topographic relaxation by slow 
viscous or plastic fiow . 
During early heavy bombardment, the lithospheres of Ganymede and Callisto 
were sufficiently thin, owing to the combined effect of impact heating and heat 
fiow from the deep interior. to prevent retention of any recognizable craters. 
The loss of these craters occurred as a consequence of relatively rapid viscous 
relaxation of individual craters, smothering of groups of highly flattened craters 
beneath ejecta deposits. and regional effects of multiring structures. The oldest 
retained craters are relatively small (less than 10 km diameter) and occur in 
the polar region of Callisto and near the antapex of motion of each satellite. As 
the lithosphere of each satellite cooled and thickened, crater retentivity spread 
as a "wave" from the polar regions and antapex toward the apex; at any given 
location, progressively larger craters were retained with the passage of time. 
The asymmetric pattern of the thickening and stiffening of the lithosphere, 
inferred from the pattern of retention of the craters , probably reflects asym-
metric development of an insulating regolith and the regional effects of large 
impact structures. 
3 
INTRODUCTION 
One of the more startling discoveries of the Voyager missions is the host of 
craters and related features on Ganymede and Callisto. As the densities of these 
two largest satellites of Jupiter strongly suggest that they are made up of about 
one-quarter to one-half H 20, it was widely supposed that their crusts are com-
posed largely of ice I. Detailed spectrophotometry, moreover, has confirmed 
that H 2 0 ice is an important constituent of the surfaces of these two bodies 
(Clark, 1980). The extent to which these icy crusts might preserve observable 
topographic relief and a decipherable geologic record was largely a matter of 
conjecture prior to the Voyager missions. The remarkable revelation from the 
Voyager television pictures is that the cratering record on both Ganymede and 
Callisto appears to extend back to the period of late heavy bombardment, about 
4 billion years before the present (Smith et al., 1979 a,b). 
A second fact immediately evident from the Voyager pictures is that the 
forms of the ancient craters have been greatly modified, as might be expected 
from major topographic features formed in ice. The oldest craters are invari-
ably extremely flattened .(Shoemaker and Passey, 1979). Relaxation of topo-
graphic relief on Ganymede and Callisto by viscous flow or creep was first sug-
gested by Johnson and McGetchin (1973). Their suggestion is basically 
confirmed by the Voyager evidence; broad features of the topography have 
flattened or have disappeared, while small features such as secondary craters 
and the hummocks of crater rim deposits are preserved, as predicted by viscous 
relaxation theory. 
Although Ganymede and Callisto are similar in size and bulk density, the sur-
faces of these two bodies are significantly different. Callisto's surface consists 
essentially of a single type of heavily cratered terrain which evidently dates from 
4 
a period of heavy bombardment. Ganymede's surface, on the other hand, con-
sists of two very distinct types of terrain, 1) an ancient heavily cratered terrain, 
and 2) a younger grooved terrain (Smith et al. 1979 a,b). Slightly less than half 
the surface of Ganymede is ancient cratered terrain and more than half is 
grooved terrain . The ancient cratered terrain of Ganymede is similar to the cra-
tered terrain of Callisto except that the mean crater density on Ganymede is 
only about half as great. 
Craters and related features on Ganymede are remarkably similar to those 
on Callisto , but the morphology of most craters on Ganymede and Callisto differ 
in important respects from similar sized craters on the Moon, Mars, and Mer-
cury. These differences appear to be due , in part, to the contrast in physical 
properties between the icy satellites and the rocky surfaces of the Moon and ter-
restrial planets that affect the initial form the the craters as well as to the slow 
relaxation of topographic relief on the icy satellites. Despite these differences , it 
is clear that the craters on Ganymede and Callisto are closely related in origin 
to the vast majority of craters on the Moon, Mars and Mercury. Ray craters on 
Ganymede and Callisto, in particular, resemble ray craters on the Moon, both in 
crater form and in the pattern of the rays. Relationships of rim deposits and 
secondary craters observed around large relatively fresh craters and basins on 
Ganymede leave little room for doubt that almost all of the observed craters are 
either of primary or secondary impact origin. The collision of cornet nuclei has 
been suggested to be primarily responsible for the formation of the ray craters 
on Ganymede and Callisto (Shoemaker and Wolfe, 1 q 8 2.) . 
A number of first order conclusions about Ganymede and Callisto may be 
obtained directly from a careful study of the forms and relations of their 
numerous craters. For example, many 10 km craters have extremely subdued 
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6 
relief . The flattening or relaxation of thes e craters implies very steep thermal 
gradients or much h igher surface temperatures at an early period in the h istory 
of both s a tellites . Many large craters, initially formed on the ancient cratered 
terrain of Ganymede, have flattened to the degree that the craters are no longer 
recognizable , but their former presence is indicated by distinctive high albedo 
patches termed palimpsests . On the other hand , there are also large craters 
that extend in size up to basins (diameter "" 150 km) that were formed relatively 
early in the cratering history and which have not disappeared. The preservation 
of the basins indicates that there was a large decrease in thermal gradient and 
corresponding increase in lithosphere thickness after the 10 km craters had 
flattened . In this chapter we will fir st survey the morphologic characteristics of 
craters and palimpsests on Ganymede and Callisto; then we will explore what 
m ight be ascertained from the observations of the craters about the crustal 
properties of these two icy bodies and, especially, about the evolution of their 
crustal properties with time. 
MORPHOLOGY OF CRATERS AND RELATED FEATURES 
For purposes of description we have divided the craters and related features 
on Ganymede and Callis t o into several morphological categories . These include 
1) bowl-shaped craters , 2) smooth-floored craters , 3) craters with central peaks , 
4) craters with central pits , 5) chain craters on Callisto, 6) the Gilgamesh and 
Western Equatorial Basins on Ganymede , 7) crater palimpsests and 
penepalimpsest s , B) multiring structures on Callisto, and 9) the Galilee Regio 
rimmed furrow system on Ganymede. 
Bowl-shaped Craters 
The smallest craters discernible on Ganymede are simple bowl-shaped 
craters, generally with resolved raised rims . The diameters of bowl-shaped 
7 
craters range from less than 5 km to approximately 20 krn. Essentially all 
craters smaller than about 5 km in diameter appear to fall into the bowl-shaped 
category. This may be partially due, however, to the limiting resolution of the 
imaging system. Craters and other features on Ganymede smaller than 5 km in 
diameter are less than ten pixels across in the highest resolution images; details 
in the crater floors cannot be resolved with this limited number of pixels . 
Approximately 20 percent of craters 5 to 10 km in diameter and 30 percent of 
craters 10 to 20 km in diameter are bowl-shaped (Fig. 1 ) . Simple craters larger 
than 20 km in diameter appear to be fiat-floored or to have convex floors rather 
than bowl shapes. 
Average depth-to-diameter ratios for fresh appearing bowl-shaped craters , 
that are approximately 10 km in diameter, are 1:6 to 1:1 2. (Depths are meas-
ured from the crater rims.) The height of the rim crest above the surrounding 
surface generally is less than about 300 meters ; for very fresh craters, the rim 
height may exceed 500 meters . These depths and heights were derived from 
photoclinometric crater profiles (see Watson, 1968; Bonner and Schmall, 1973) 
and from shadow measurements and probably have errors of the order of ± 100 
meters . 
-
Most of the bowl-shaped craters probably are of primary impact origin, but 
many craters also occur in swarms around much larger craters and 
palimpsests . By analogy with crater swarms observed on the Moon and Mercury, 
the swarm craters are inferred to be secondary craters related to the ejection of 
material from the much larger primary craters. On Ganymede, the ratio of the 
diameter of the largest s econdary craters to the diameter of the central pri-
m a r y crater is about 1:15, comparable to that observed on the Moon 
(Shoemaker, 1966) . Prominent resolved secondary crater swarms are associ-
.
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9 
ated with most craters larger than about 70 km in d iameter. The largest secon-
dary craters occur as far as three primary crater diameters beyond the rim of 
the primary crater . 
On Callisto, craters smaller than about 15 km in diameter are difficult to 
categorize owing to the limited resolution of the Voyager images of Callisto. 
Probably many of these craters are bowl-shaped, as on Ganymede. 
Smooth-floored Craters 
We designate craters with fiat or slightly convex floors that do not exhibit 
either a central peak or central pit as smooth-floored craters . Generally, the 
smooth-floored craters are larger than the bowl-shaped craters. The transition 
from bowl shape (or concave floors) to smooth nearly level floors occurs at 
crater d iameters in the range 15 to 20 km. The diameter for which this transi-
tion occurs probably reflects physical properties of the crusts of Ganymede and 
Callisto at the times the craters formed . The smooth-floored craters range in 
diameter from approximately 20 to 40 km. About 20 percent of Ganymedian 
craters 20 to 30 km in diameter have smooth-floors, compared to only 5 percent 
of craters 30 to 40 km in diameter (Fig. 1) . 
Photoclinometric crater profiles show that many smooth-floored craters on 
Ganymede are d istinctly convex or bowed-up in the center (Fig. 3). Theoretical 
studies of the collapse of craters by slow viscous fiow have been carried out b y 
Danes ( 1962, ; 1965) and Scott ( 1967) . Danes' work indicates that collapse of 
craters in a medium of uniform viscosity includes both an overall flattening of 
the crater and a bowing-up of the floor, the time dependence of which varies 
with the viscosity. Experimental studies by Scott (1 967) of the collapse of 
crater-like forms in asphalt verified the time dependence of the flattening of the 
craters predicted by the viscous fiow equations of Haskell ( 1935) . A slight 
10 
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(1) 
( 2) 
(3) 
(4) 
!3X Vert1cal Exaggerat i on) 
P'lCURE 3 - Pholoclinometric protues · of four era ten on Ganymede with 
diameters or approximately 20 km. Prot!le (1) is of a crater located in grooved 
terrain of the Harpa&ia Sulci; the other three profiles are for craters located 
witbiD the ancient cratered terrain of the Nichot.on Re&io. 
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bowing-up of the floor was observed in these experiments which, however, may 
have been due to an increase of viscosity near the surface of the experimental 
model. A vertical gradient of viscosity (viscosity decreasing with depth) clearly 
will enhance the phenomenon of bowing-up of the crater floor . 
The average degree of bowing-up in the center is greater for craters located 
within the ancient cratered terrain than for craters within the younger grooved 
terrain of Ganymede (Shoemaker and Passey, 1979). Within grooved terrain, 
depth-to-diameter ratios for smooth-floored craters 20 km in diameter are from 
1:6 to 1:20. Depth-to-diameter ratios for similar craters located in the ancient 
cratered terrain is from 1:6 to 1:80. Depths of the craters were measured from 
the rim crests . Maximum height of the crater rim above the surrounding sur-
face is between 200 and 300 meters for fresh smooth-floored craters; for 
degraded craters. the rim heights are substantially less. 
Smooth-floored craters on Callisto range from about 18 km to 40 km in diam-
eter. Smooth-floored craters comprise approximately 30 percent of craters 20 
to 30 km in diameter and about 8 percent of craters 30 to 40 km in diameter 
(Fig . 2) . No photoclinometric profiles have been obtained for craters on Callisto 
at the time of the writing of this chapter. Measurements of shadow lengths near 
the terminator, however, reveal that these craters are also anomalously shallow 
compared to fresh craters of similar size on the Moon. Depth-to-diameter ratios 
for smooth-floored craters 20 to 4 0 km in diameter range from about 1:15 to 
1:45 . Maximum depth below the crater rim, for smooth-floored craters on Cal-
listo , is about 2 km. 
Craters with central pea.ks 
On Ganymede, craters which display a central peak are common in the diam-
eter range of 5 to 35 km. No craters with diameters larger than 35 km have 
12 
been found to have a central peak. This observation is in contrast with craters 
on the Moon, where the majority of fresh craters larger than 25 km in diameter 
and essentially all craters larger than 55 km in diameter have central peaks 
(Pike, 1975) . On Mercury, a majority of craters larger than 40 km in diameter 
exhibit a central peak (Gault et al., 1975; Cintala et al., 1977). Approximately 70 
percent of Ganymedian craters 5 to 10 km in diameter, 50 percent of craters 10 
to 20 km in diameter , 7 percent of craters 20 to 30 km in diameter, and 3 per-
cent of craters 30 to 40 km in diameter have central peaks (Fig. 1). Although 
the diameter range of craters with central peaks overlaps the diameter range of 
smooth-floored craters, the smooth-floored craters tend to comprise a larger 
proportion of craters 20 to 30 km in diameter than do craters with central peak. 
Central peaks range in basal diameter from about 1 km, for small craters, to 
approximately 5 km in larger craters . The maximum heights of the peaks are 
approximately 700 meters , as indicated from shadow measurements. The reso-
lution of these craters is insufficient to show details in the central peaks. Col-
lapsed terrace walls are ass ociated with craters with central peaks . The widths 
of the resolved terraces vary from roughly 1 to 4 km. The smallest crater with a 
central peak that exhibits a resolved terraced wall is about 10 km in diameter. 
On Callisto, craters with distinct central peaks have been found within the 
size range of from 11 to about 40 km in diameter. Approximately 40 percent of 
craters 20 to 30 km in diameter and about 15 percent of craters 30 to 40 km in 
diameter have central peaks (Fig. 2) . Depth-to-diameter ratios for craters 30 
km in diameter, with central peaks , range from about 1:10 to 1:30. primary 
craters of the same size. 
lil 
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CRATER DI AI£TER Kll 
FIGURE 4 - Diameter of central pit versus crater diameter for 640 craters on 
Ganymede. Those craters which fall above the broken line are recognizably 
younger than those below this line . Ray craters generally have the smallest cen-
tral pit diameter , for a given crater diameter, and fall at the lower boundary of 
the distribution. 
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Craters with central pits 
Craters which have a central depression or pit are abundant on both the 
ancient cratered terrain and on the grooved terrain on Ganymede. These 
craters range in diameter from 16 km to more than 120 km. Approximately 25 
percent of craters 10 to 20 krn in diameter, 60 percent of craters 20 to 30 km in 
diameter and about 90 percent of 30 to 40 km diameter craters have central 
pits . Essentially all craters larger than 40 km in diameter have a central pit. 
From figure 1, it may be seen that craters with central peaks are replaced by 
craters with central pits at roughly 20 km crater diameter. It is apparent, from 
the highest resolution Voyager images of Ganymede, that most, if not all craters 
with central pits also have collapsed terraced walls. The width of the identifiable 
terrace zones range from about 1 to 7 km. 
The diameter of the central pit is positively correlated with the crater diame-
ter, as sho""n in figures 4 and 5. (See also Boyce, 1980 .) From the distribution of 
the pit diameter versus the crater diameter, the relationship appears to be cur-
vilinear. Using the data for ray craters and craters with high albedo rims, the 
best tit exponential relattonship for pit diameter versus crater diameter for 
Ganymedian craters is 
d = 1.9 exp (.023 D) (1) 
where d is the diameter of the central pit, and Dis the crater diameter. 
The diameter of the pit relative to the diameter of the crater is also depen-
dent upon the age of the crater. For a given crater diameter, recognizably older 
craters have central pits with diameters that are larger than the central pits in 
recognizably younger craters . The smallest pits, for a given crater size, are gen-
erally encountered in ray craters (Fig. 6d) . Ditierences in the pit size, as a func-
15 
CALLISTO 
: 
.. 
o~o----~~~----~----~00----~~----~----~~----~----~~----~----~ 
• 80 100 120 1110 100 180 
CRATER DIAMETER KH 200 
FIGURE 5 - Diameter of central pit versus crater diameter for about 450 
craters on Callisto . Craters which fall above the broken line are recognizably 
older than those b elow this line; ray craters generally are located at the lower 
boundary of the distribution. 
• 
c 
16 
50 km d 200 km 
FIGURE 6 -Voyager II images of several craters that have anomalously large 
central pits . The topographic relief of the craters marked by arrows in 6a-c is 
more subdued than that of other craters of the same size, which indicates 
greater age. In figure 6d, the arrow on the left marks a ray crater which has a 
smaller pit than does the crater on the right of closely similar size. A Type II 
penepalimpsest, 166 km in diameter, is also visible in 6d to the right and below 
the center of the frame (FDS 20636.50, 20636.44, 20636.59, and 20631.33) 
17 
lion of crater age, probably are related to differences in crustal properties at 
the different t imes that the craters were formed . All of the craters that have 
anomalously large pits on Ganymede (pits much larger than predicted by eq.( 1) 
are located in the ancient cratered terrain. 
Profiles of craters with central pits {Fig. 7) reveal that although the pits are 
depressions, they generally are surrounded by a raised rim. The depth of the pit 
below this rim is, in most cases , less than 1 krn. In large pits, the pit floors are 
bowed-up in much the same manner as are the crater floors. Among the pits we 
have measured so far, t~e floors of the largest pits appear to be very near the 
level of the crater floors outside of the pits . Measured depth-to-diameter ratios 
of Ganymedian craters with central pits that are 30 to 50 km in diameter range 
from 1:9 to 1:30, for craters in grooved terrain. Depth-to-diameter ratios for 
similar craters within the ancient cratered terrain range from about 1:12 to 
1:85. The height of the crater rim above the level of the surrounding surface 
varies from a few hun dred meters (or less) to about 2 km. 
Whereas most Ganymedian craters larger than 40 km in diameter exhibit a 
single central pit, one crater, centered at 54° N latitude and 192° W longitude, 
appears to have a small pit centered within a larger central pit. The diameter of 
this crater is 115 km; the relatively large rimmed central pit is 50 km in diame-
ter and the small pit at the center is 4.5 km in diameter. This crater is located 
in grooved terrain and has bright rays . 
Craters with central p its are also common on Callisto . These craters range in 
diameter from 18 to approximately 160 km. About 25 percent of craters 20 to 30 
km in diameter and about 80 percent of craters 30 to 4 0 km in diameter have 
central pits . Essentially all craters larger than about 40 km in diameter have a 
central pit (Fig. 2). Crater depths up to 3 km below the crater rims have been 
18 
( 2 ) 
(3 J __ ~ 
(4 ) 
(5 ) ______________________ ___ 
I-- -20 k m----i 
FIGURE 7 - Photoclinometric profiles of five craters with central p its on 
Ganymede that illustrate various degrees of topographic relaxation. The arrows 
in profiles ( 4 ) and (5) mark the crater rims in these extremely flattened craters. 
Note that, in the flattened craters, the relative size of the central pit is much 
larger than in the less relaxed craters (profiles 1,2, and 3). In profile (1), taken 
from a crater with a bright rim deposit, the central pit has an unusually high 
rim. This high rim may be the remnant of a partially collapsed central peak. 
The vertical scale is the same as the horizontal scale for these profiles . 
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calculated from shadow measurements . 
As in the case on Ganymede, the diameter of the central pit is positively 
correlated with the crater diameter on Callisto , and a curvilinear fit to the data 
is suggested when comparing pit diameter to crater diameter, particularly for 
the largest craters (Fig. 5). On Callisto, however, there is a larger spread in pit 
diameters for craters larger than 60 km in diameter, as compared to 
Ganymedian craters of this size. The smallest pits for a given crater size appear 
to be associated with the fresh apppearing ray craters. The best fit of an 
exponential function for the pit diameter versus the crater diameter for ray 
craters and craters with bright rim deposits on Callisto is 
d = 1.45 exp (.028 D) (2) 
where d and D are , respectively, the pit diameter and the crater diameter. 
Most central pits on both Callisto and Ganymede are circular, but, some have 
irregular shapes (Fig. B) . 
Chain craters on Callisto 
Several relatively large chains of craters (catena) have been identified on Cal-
listo . These are almost certainly chains of secondary craters related to large 
basins that have disappeared either by prompt collapse or by slow relaxation. 
Crater chains up to about 700 km in length have been found, and up to 27 
craters are recognized in the longer crater chains. It is difficult to r elate a given 
crater chain to the site of a former basin, but assuming that the crater chains 
are oriented radially to the source of impacting ejecta, sites can be suggested. 
Crater chains at about 50° N latitude and 350° W longitude (Fig. 9b) and at 12° S 
latitude and 13° W longitude (rig. 9d) may be related to Valhalla. The sites of 
the original primary basins associated with the other crater chains are not yet 
21 
F:iGURE 9- Voyager I images of four large crater chains on Callisto. The diam-
eters of lb8 individual craters within a given chain are fairly uniform (FDS 
16428 .1 9, 16426 .10, 16424.32, and 16424.25). 
2 
3 
I 
2 
3 
4 
5 
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TABLE I - Prominent Crater Chains on Callisto 
Lat. 1 Long. 1 No. of Craters Chain length (km)2 
~7 57 14 700 
+50 350 6 110 
+32 347 27 370 
-12 13 9 225 
-18 343 10 17 5 
From U.S. Geological Survey Map I-1239, 1979. 
Lengths ± 10%. 
Diameters are generally ± 2 km. 
Largest crater 
diameter3 (km) 
31 
25 
17 
20 
10 
Smallest crater 
diameter3 (km) 
24 
18 
15 
14 
8 
23 
identified. 
The chain craters generally are circular in shape. 1n some cases, individual 
craters overlap substantially, and in other cases, they are completely separated 
(Fig. 9). Diameters of recognizable craters in a given chain are within ± 15 per-
cent of the mean for the chain. The observed range in crater diameters, for 
craters from different chains, is from about 8 to 30 km. 
Most chain craters about 20 km in diameter have central peaks, whereas 
most chain craters 30 to 35 km in diameter have a slight central depression, 
possibly a central pit. The morphology of large craters in secondary crater 
chains is basically the same as for primary craters of the same size. Thus any 
isolated secondary craters larger than 10-15 km in diameter are not expected to 
be morphologically distinguishable from primary craters of the same size. 
Gilgamesh and Western Equatorial Basins on Ganymede 
One fresh relatively unmodified basin, Gilgamesh, is found on Ganymede; it is 
located within grooved terrain (centered at 59° S, 123° W) . The floor of the con-
spicuous central depression is relatively smooth and fiat and is approximately 
150 km in diameter (Fig. 10) . Several small peaks are arranged in an arc in the 
center of the floor; the diameter of the arc is about 50 km. Faint radial linea-
tions also appear to be present on the floor (Fig. 10c) . A poorly defined rim, 
approximately 175 km in diameter, with an approximate average height of 1/2 
km bounds the central depression. This depression evidently corresponds to the 
central pit of the impact basin. 
A rugged hilly-to-mountainous region surrounds the central depression and 
extends radially for approximately 500 km. Individual features of the relief 
have an angular or blocky appearance; the heights of the individual blocky mas-
24 
FIGURE 10 -Voyager II images of Gilgamesh, the least topographically relaxed 
basin on Ganymede. The diameter of the relatively smooth basin floor is about 
150 km; the ill-defined rim is about 175 km in diameter. A high resolution image 
of lhe basin (lOc) reveals radial lineations as well as a roughly arcuate group of 
central peaks. Gilgamesh is surrounded by a rugged region of blocky to irregu-
lar r elief about 1000 krn in diameter; this region probably corresponds to a con-
tinuous ejecta blanket. Inward facing concentric scarps can be seen in this 
region. Figure 10d shows a high resolution image of one of these scarps where 
its trace apparently cuts across a 20 km diameter crater (just below the center 
of the frame) . Since this crater postdates the formation of the Gilgamesh basin 
and emplacement of the ejecta rim, the extension of the scarp across this crater 
1s probably a result of renewed movement, possibly due to settling of the ejecta 
d eposit along the fault that produced the scarp (FDS 20639 .04, 20638.14, and 
20639.15). 
25 
100 km 
FIGURE 11 -Voyager II image of the Western Equatorial Basin on Ganymede 
(lower right part of the frame) . This basin is somewhat similar to Gilgamesh but 
is slightly larger and has much more subdued relief . The diameter of the basin 
r im is 183 km; the basin is surrounded by a hummocky rim deposit about 530 
km in diameter. Prominent secondary craters and crater chains extend beyond 
the recognizable rim deposit and are superposed on grooved terrain (FDS 
20638 .39). 
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sifs are 1/2 km to 1-1/2 km. Several inward facing concentric scarps occur 
within the outer blocky annulus. The scarps are discontinuous in circumferen-
tial extent and have heights from less than 1 km to about 1-1/2 km. The most 
prominent scarp , at about 275 km radius , is considered by Shoemaker et al. 
( 1982) to mark the rim of the Gilgamesh basin. 
A great swarm of secondary craters and crater chains surrounds the Gil-
gamesh basin. These craters extend from a radial distance of about 400 km to 
about 750 km from the center of the basin. The diameters of most secondary 
craters are less than 5 km, but some craters up to about 15 km in diameter are 
present in the swarm. 
A second basin, slightly larger than the central depression of Gilgamesh, but 
greatly flattened by viscous relaxation, occurs on grooved terrain centered at 7° 
S latitude and 115° W longitude (Fig. 11). The center of this basin is relatively 
fiat but appears rough, owing to ejecta deposits of craters which postdate this 
basin. The diameter of this central region is about 185 km. A well-defined rim 
or scarp surrounds the central region; the height of this rim is less than 600 
meters. a rim d eposit, composed of low hills and hummocks , surrounds the cen-
tral basin and extends radially to about 265 km; the relief within the rim deposit 
is generally less than 4 00 meters . A swarm of secondary craters surrounds this 
basin; secondary craters can be found from a radial distance of about 150 to 
450 km from the center of the basin. The maximum diameter of the secondary 
craters is about 10 km. 
Crater Palimpsests 
A crater palimpsest is a roughly circular spot of high albedo that marks the 
site of a former crater and its rim deposit (Smith et al., 1979b) (see Figs. 12 & 
13). At low resolution, palimpsests are relatively featureless . Except for 
27 
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200 km 
FIGURE 12 - Voyager II image and 1ketch map of a large palimpsest in the 
G111ileo Regio or Ganymede. TI1e palimpsest is divi~ible inlu l.hrec u islincl zones: 
1) a relatively smooth central region about 100 km in diameter , which is 
roughly circular 11nd is bounded by a very ~~:enllc irregular topographic slcp 
(shown with a nearly continuous solid line near center or 1nap), c) a uniform 
h igh-albedo annulus wilh small semi-concentric ridg <:!s or hummocks, and 3) nn 
outer annulus which is mulllet.l in albedo. Vestiges of Lh c pre-palimpsc:;t 
rimmed furrow system extend within the palimpsesl. Secondar y craters prol>-
al>ly are represented among tllc abundant small craters illuslralcd in the skclch 
map; proceeding out from the center, thE' region of highest d e nsity of small 
craters. begins in the annulus uf mot tled albedo (beyond approximately 100 l~11 1 
from tlle center) aud exlcnlls beyond the palimpsest. Areas of relatively luw 
albedo are shaded on the sketch map; craters a nd pits are outlined 1rith solid 
lines; short irregular solid lines represent subdued ridges: furrows are shown 
wilh pairt!d line; llle limit of bright ejecta around two crater~ is shown with 
dashed lines (FDS 20G36.c9). 
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TABLE 11 -Crater Palimpsests on Ganymede 
Palimpsest Diameter of Central 
I Latitude1 Loog1tude 1 Diameter2(km) Structure 2 (km) Terrain Type 3 
1 +22 184 335 128 G 
2 +19 197 228 AC 
3 +10 215 370 AC 
4 + 6 209 334 AC 
5 + 9 203 240 AC 
6 + 4 202 306 AC 
7 + 8 195 137 AC 
8 -11 220 211 132 AC 
9 +40 160 169 AC 
10 +38 154 152 AC 
11 +36 153 196 AC 
12 +29 146 188 AC 
13 +19 129 319 186 AC 
14 + 9 141 256 AC 
15 +11 352 183 AC 
16 + 6 353 179 AC 
17 - 1 356 167 AC 
18 -17 339 116 58 (34) AC 
19 +10 354 173 AC 
20 +10 359 102 AC 
21 +10 358 79 AC 
22 - 9 15 123 AC 
1 From U.S. Geological Survey Map 1-1242, 1979. 
2 All measurements ± 10%. 
3 AC• Ancient cratered terrain; G- Grooved Terrain 
29 
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c 
FIGURE 13- Voyager I and II images of several palimpsests . Figure 13a shows 
six palimpsests with diameters less than 200 km located in the Galilee Regio. 
Younger grooved terrain units have cut across the palimpsest in 13b. The 
region of Marius Regie in 13c is about half occupied by palimpsests. With the 
exception of the palimpsest in 13d, all of the palimpsests are found within the 
ancient cratered terrain, and appear to be older than the formation of the 
grooved terrain (FDS 20636.59, 16402.22, 20631 .17, and 20635.37). 
1 
2 
3 
30 
TABLE III - Possible Crater Palimpsests on Ganymede 
I 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Palimps~st 
Latitude1 Long1tude1 Diameter (km) 
+2 5 195 235 
-10 211 168 
+37 145 215 
+22 149 156 
- 5 217 436 
+32 9 131 
-11 8 127 
- 3 322 125 
- 9 342 94 
- 2 342 75 
+28 135 138 
-10 319 155 
Diameter of 2 Central Structure (km) 
70 (36) 
From U.S. Geological Survey Map I-1242, 1979. 
All measurements ± 10%. 
AC•Ancient cratered terrain; G-Grooved Terrain. 
Terrain Type3 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
AC 
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secondary craters and traces of hummocks in the rim deposit , they retain 
almost none of the original relief of the crater or its rim. In a few instances, a 
smooth central area can be defined in high resolution pictures of large 
palimpsests (Fig . 12) . We infer that this smooth area corresponds approxi-
mately to the floor of the original crater. Where the smooth area can be recog-
nized. the diameter of the palimpsest is about two to four times the diameter 
the the central smooth area. Swarms of small secondary craters occur near the 
outer boundary of large palimpsests. The relationship of the secondary craters 
to the palimpsests suggests that the outer boundary corresponds approximately 
to the limit of continuous ejecta (Smith et al., 1979b) . 
Three distinct concentric zones can be recognized from high resolution pic-
tures of one of the largest palimpsests (Fig . 12). The central smooth region is 
essentially featureless and is at nearly the same elevation as the surrounding 
terrain . A very gentle irregular discontinuous topographic step surrounds this 
central region . A zone of uniform albedo extends about one central-area diame-
ter beyond this step, and this zone is characterized by a semiconcentric fabric 
of very low ridges or hummocks, that have an average radial spacing of approxi-
mately 5 km . Beyond this zone, the palimpsest becomes discontinuous and mot-
tled in albedo. 
Vestiges of a pre-palimpsest rimmed furrow system can be recognized in this 
outermost zone. Extremely faint lineations, along the trends of the rimmed fur-
rows are also visible in the central and intermediate zones as well. The outer 
boundary of the palimpsest is demarcated by the contrast in albedo between the 
palimpsest and the surrounding ancient cratered terrain. The transition in 
albedo generally occurs in less than 5 km. 
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TABLE IV 
- Crater Palimpsests and Possible Palimpsests on Callisto 
I Latitude1 Longitude 1 Diameter (km) 2 Remarks 
+42 2 156 
2 +46 348 121 
3 
- 5 5 206 
4 - 5 348 169 
5 - 7 337 94 
6 -12 38 93 
7 - 2 25 286 
8 +59 346 87 
9 +11 57 571 Valhalla 
10 +80 10 102 
11 +30 39 230 Asgard 
12 - 6 247 417 
13 -11 234 272 
14 -19 249 118 
15 -41 224 94 
1 From U.S. Geological Survey Map I-1239, 1979. 
2 All measurements ± 10%. 
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A total of 22 readily recognized palimpsests have been identified on 
Ganymede (Table II) . Their outer diameters range from 80 to 335 km. In addi-
tion, there are twelve palimpsests that are identified with less certainty, with 
diameters up to 440 km (Table 111). All but one (Fig. 13d) of the palimpsests 
listed are located on ancient cratered terrain. 
Palimpsests on Callisto are less obvious than those on Ganymede; the albedo 
contrast with the surrounding terrain is less than for Ganymedian palimpsests 
and the outer boundaries of palimpsests on Callisto are more diffuse and irregu-
lar. Table N gives coordinates and diameters for 15 palimpsests and possible 
palimpsests. The palimpsest outer diameters range from about 80 to 570 km. 
The resolution of the images of Callisto is insufficient to define morphological 
zones within these palimpsests . The two largest palimpsests occupy the central 
regions of two great multiring structures, Valhalla and Asgard (Figs. 16 & 17). 
Penepalim psests 
In addition to palimpsests, there are a number of features on Ganymede 
which are more or less transitional in form between craters and palimpsests . 
These features have diverse topographic and albedo characteristics but all have 
vestiges of crater rims or other topographic features of the rim deposits. Evi-
dently they represent ancient craters which have nearly disappeared by viscous 
relaxation or creep. Here we will group these features together under the 
category of penepalimpsests (almost palimpsests). In contrast with the 
palimpses ts, most penepalimpsests occur on grooved terrain, rather than the 
ancient cratered terrain. For the purpose of description, they can be broadly 
grouped into two categories. The firs t category (type I) consists essentially of 
extremely relaxed craters. The second category (type II) comprises more com-
plex structures with a low cen tral dome surrounded by annuli of complicated 
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100 km 
FIGURE 14 -Voyager I and II images of four Type I penepalimpsests; see text 
for description. The initial crater relief of all of these features has nearly disap-
pear ed , p resumably due to viscous fiow or creep within Ganymede's crust. The 
arrow in figure 14c marks the approximate outer limit of the burial of grooves 
by the contmuous ejecta blanket of the "140 km diameter penepalimpsest (left 
of frame center) (FDS 20638.31. 16405.30, 20639.53, and 20640.31 ) . 
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but very subdued relief. 
Type I penepalimpsests.- A variety of features are grouped in this category. 
One feature (type I-a, Table V) in the ancient cratered terrain of the Galileo 
Regio (Fig. 14a) closely resembles the palimpsests of this region except that dis-
tinct vestiges of the original crater rim are preserved. Surrounding the rim is a 
roughly circular area of high albedo, about twice the diameter of the crater rim, 
which is similar to the intermediate and outer zones of the palimpsests . 
Three features (type I-b , Table V), one in ancient cratered terrain and two in 
grooved terrain, are characterized by a wreath of low semi-concentric ridges 
surrounding a central smooth region. An outer zone 1 1/2 to 2 times the diame-
ter of the wreath, is relatively smooth but also contains very subdued semicon-
centric r idges. \'\'here formed on the grooved terrain there is no conspicuous 
contrast in albedo between the penepalimpsest and the surrounding surface. In 
the example illustrated in figure 14b, the outer zone is 260 km in diameter; by 
means of a photoclinometric profile, the entire feature has been shown by 
Squyres (1 980) to be a topographic dome about 2 1/2 km high. Prominent 
swarms of secondary craters extend northeast and southwest from this 
penepalimpsest. 
One penepalimpsest (type I-c, Table V) is a h ighly flattened basin that occurs 
within grooved terrain (Fig . 14c) . Its relief appears comparable to the type I-a 
penepalimpsest that lies in the ancient cratered terrain, but because the type 
I-c penepalimpsest lies in a region of intrinsically higher albedo, there is no evi-
dent contrast in albedo between the area immediately surrounding the col-
lapsed basin and the neighboring terrain. A central circular ridge 7 1 km in 
diameter is surrounded by an outer very subdued raised rim 138 km in diame-
ter. Local sharp relief is found along the rim. Grooves and r idges in the grooved 
c 
36 
100 km 
...__-----il 2 00 k m d .._- -------1 2 0 0 k m 
FIGURE 15 - Voyager I and II images of several Type II penepalimpsests . All 
have a circular central area of high albedo which is surrounded by an annulus 
of low albedo with radial light streaks . Two concentric ridges surround this cen-
tral area. The inner ridge corresponds to the rim ot an unusually large central 
pit, and the outer ridge corresponds to the original crater rim. In some cases , as 
shown in figures (15a) and (15c), the outer rim is bright; as shown in figures 
(15b) and ( 15d ), however, the ridge which corresponds to the initial crater rim is 
not always bright (FDS 20637.41, 20635 .49, 16402.1 2, and 20637.23) . 
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terrain are obliterated to a distance of about 150 km from the center of the 
penepalimpsest. We interpret the slightly elevated rim as the original rim of the 
basin and the inner circular ridge as the rim of a huge flattened central pit. The 
rim deposit of this basin extends to the limit of obliteration of grooves in the 
grooved terrain . Abundant secondary craters associated with this flattened 
basin extend from a radial distance of about 150 km (just beyond the rim depo-
sit) to about 200 km. The maximum diameter of the secondary craters is about 
7 km. 
Two penepalimpsests on grooved terrain (type 1-d, Table V) are characterized 
by a large central smooth area encompassed by a broad annulus of subdued 
short semiconcentric ridges and irregular hummocks (Fig. 14d). In each case, 
the width of the annulus is roughly the same as the diameter of the central 
smooth region. The smooth region evidently corresponds to the initial crater 
floor and the annulus to the original crater rim deposit. Apparently because 
these penepalimpsests occur in the relatively high albedo grooved terrain, there 
is no contrast in albedo between the rim deposit and the grooved terrain. Each 
of these penepalimpsests is superposed on and is younger than some grooved 
terrain units. One of these penepalimpsests, however, is also older than one 
unit of grooved terrain which transects the rim deposit (Fig. 14d). This latter 
penepulimpsest, therefore, was formed during the period of the grooved terrain 
formation. 
Type II penepalimpsests.-- Five unusual craterform features are included 
here under the category of penepalimpsest, although a separate designation 
m ight be appropriate. They are large highly relaxed craters , approaching basins 
in size, that are characterized by unusually large irregular central p its (Fig . 15) . 
In the center of each central pit is a circular area of high albedo that appears to 
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TABLE V - Penepalimpsests on Ganymede 
Penepalimpsest Diam. 1ni tial Diam.Central Penepalimpsest 
1 1 2 
_ 1_ Lat. Long. Diameter (km) Crater (km) Structure (km) Type 3 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
1 
2 
3 
+22 119 266 144 1-a 
-16 120 139 1- b 
+36 328 260 I-b 
- 3 323 125 70 I-b 
-36 137 300 138 71 I-c 
-69 265 183 64 I-d 
-70 280 171 60 I-d 
-28 169 103 52 (25)5 II 
-14 132 127 66 (32)5 II 
+ 4 173 142 81 (30) 5 II 
+36 2 149 85 (40) 5 II 
-12 102 166 90 {38)5 II 
From U.S. Geological Survey Map 1-1242, 1979. 
All measurements ± 10% due to uncertainty in penepalimpsest boundary. 
Refer to text for discussion of penepalimpsest type. 
4 AC• Ancient cratered terrain; G- Grooved terrain. 
5 Diameter of high albedo central dome. 
Terrain Type4 
AC 
G 
G 
AC 
G 
G 
G 
G 
G 
AC 
AC 
G 
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have the form of a broad topographic dome. Each dome is about half the diam-
eter of the central pit. It has been suggested that the high albedo dome may be 
an icy diapir (Malin, 1980) or the result of the freezing of a central lake which 
was produced at the time the crater was formed (Croft, 1980). Surrounding the 
dome, but within the pit walls, is an annulus of low albedo marked with roughly 
radial light streaks. The enclosing central pit walls have high albedo. Consider-
. able relief is preserved in the central parts of these penepalimpsests but the 
outer crater rim is extremely subdued. 
Two of the Type II penepalimpsests occur on ancient cratered terrain (Fig . 
15c) and three on grooved terrain (Figs . 15a,d). No distinct areas of high 
albedo surrounding the relaxed craters have been recognized either on grooved 
terrain or on the ancient cratered terrain. 
Multiring structures on Callisto 
Several systems of multiple concentric ridges occur on Callisto . Eight have 
been found (Table VJ) ; they fall into two size categories, 1) diameter of the outer 
ridge ring larger than 500 km, and 2) diameter of outer ridge ring less than 200 
km. None has been found with an outer diameter between 200 and 500 km. 
The largest multiring structure, Valhalla, has concentric ridges out to 
approximately 2000 km from the center (Fig. 16c). A central bright palimpsest 
occupies a region nearly 600 km in diameter. In the center of the palimpsest is 
a circular, relatively smooth area approximately 350 km in diameter. The 
superposed crater density on the palimpsest is roughly one-fourth of the crater 
density of the surrounding surface of Callisto . The innermost concentric ridge 
occurs at a radius of about 200 km; hence the palimpsest overlaps the inner 
ridges over a radial distance of about 100 km. 
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FIGURE 16 -Voyager I images of Valhalla, the largest multiring structure on 
Callisto. The center of the structure is occupied by a high albedo palimpsest 
600 km in diameter (16b) . Ridges occur up to approximately 200 km from the 
center of the feature, as shown in 16c. The individual ridges in the ring system 
appear to be fiat-topped, as shown in 16d. (Note that the illumination is from 
the left and not from the right). Some images reveal troughs in the tops of the 
ridges (FDS 1641 8.42, 16422.11, 16418.58, and 16424.46). 
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In detail, the individual ridges in this multiring system are irregular in plan 
and are discontinuous in circumferential extent. Maximum length of the indivi-
dual ridge arcs is approximately 700 km; most ridges are between 200 and 500 
km in length. Distance between the ridges varies from approximately 20 to 30 
km, for the inner ridges, to roughly 50 to 100 km, for the outer ridges. 
On average, the ridges are about 15 km wide, and they appear to be fiat-
topped (Fig . 16d) . In a few places, however, a central groove or furrow is 
resolved within the ridge (McKinnon and Melosh, in press) . It is difficult to deter-
mine the heights of the ridges of the Valhalla multiring system, owing to the 
proximity of Valhalla to the subsolar point at the time the pictures were 
obtained. Comparison with ridges of the Asgard multiring system, the heights of 
which can be determined by shadows, suggests that the ridge heights in the 
Valhalla system are less than 1 km above the surrounding surfaces. 
The second largest multiring system on Callisto, Asgard . has concentric ridges 
out to BOO km from the center of the system (Fig. 17) . The center of this system 
is occupied by a palimpsest about 230 km in diameter. The innermost concen-
tric ridges are located approximately 80 km from the center. The spacing 
between the inner ridges is 20 to 30 km, and between the outer ridges generally 
50 to 60 km. The heights of most ridges are between 500 and 1000 meters above 
the inter-ridge surfaces . 
A third relatively large multiring structure is centered at about 53° S and 36° 
W (Fig. 18d) . The outermost ridges are at roughly 450 km from the center and 
the innermost ridges recognizable in the available low resolution images occur 
at a radius of about 70 km. Coverage of this feature by Voyager pictures is lim-
ited and details within this system are not resolved . Albedo characteristics of 
the center of the r ing structure are obscured by rays from the very large ray 
c 
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t--------1 2 0 0 k m d 800 k m 
FlGURE 10 -Voyager 1 and II images covering five multiring structures on Cal-
listo. Four of these multiring structures are smaller than 200 km in diameter 
(1 8 abc) and the spacing of their ring sets is about 5 to 10 km. Alfr (top central) 
and Loni are shown in 18a, Grimr in 18b, and an unnamed structure in in 18c. 
An unnamed large multiring system which has a diameter of about 900 krn is 
shown in 18d (FDS 20617.2 1. 206 16.53, 206 19 .36, and 16418.1 4). 
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TABLE VI- Hultiring structures on Callisto 
1 1 
Outer Ri"Qg Inner Ring Ring Spacing 
_!Lat. Long. Diameter2(km) Diameter2 (km) Inner Outer Name 
+11 57 4000 400 30 so-too Valhalla 
2 +30 139 1640 163 2D-30 SG-60 Asgard 
3 -53 36 920 130 15 30 Unnamed 
4 +45 138 500 ? ? ? Unnamed 
5 - 9 222 163 80 7-9 Alfr 
6 - 3 215 123 25 10 Loni 
7 +42 213 180 96 5 Grimr 
8 -41 262 71 35 ? ? Unnamed 
1 From U.S. Geological Survey Map I-1239, 1979. 
2 All measurements ± 10%. 
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crater, Adlinda, to the southeast. 
Another large multiring structure overlaps with Asgard and is centered 
approximately 45° N latitude and 138° W longitude. Its outer diameter is 
approximately 500 km. 
Four small multiring structures with outer diameters less than 200 km are 
Alfr and Loni (Fig. 1Ba) , Grimr (Fig. lBb), and one unnamed structure (Fig. 18c) . 
The number of individual circumferential ridges varies from three to more than 
six. The spacing between ridges is less than 10 km. The heights of the ridges 
cannot be accurately obtained because of the location of these structures with 
respect to the terminator at the times they were imaged. 
One of the small multiring structures (Fig. 18c) may be analogous to the Type 
II penepalimpsests of Ganymede. The resolution of this feature on Callisto is too 
low, however, for close comparison with penepalimpsests on Ganymede. 
Galilee Regia rimmed furrow system 
A system of rimmed furrows (Smith et al. , 1979b) occurs throughout the 
greatest region of ancient cratered terrain on Ganymede, known as the Galileo 
Regio (Fig . 19) . This system extends over an area of more than 107 km2 , an 
area greater than the United States, and can be found in many polygons of 
ancient cratered terrain that are separated from the Galileo Regio by grooved 
terrain. The system is more than 2000 km across in the direction normal to the 
trend of the furrow: the area covered by the preserved remnants of this system 
must be only a fraction of the area of the original system. The rimmed furrow 
system is so large that it was difficult to determine with certainty, at first. 
whether the average trends of the furrows follow small circles or great circles on 
the Galileo Regio. They do follow small circles on the Galileo Regio and on other 
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major segments of ancient cratered terrain south and west of Galilee Regio. The 
center of the concentric system of small circles is about zoo S latitude and 165° 
W longitude, where about half of a faint poorly defined palimpsest is preserved 
on the ancient cratered terrain . The southern half of the palimpsest is replaced 
by grooved and reticulate terrain. The palimpsest, about 500 km in diameter, is 
surprisingly small compared to the size of the rimmed furrow system. The origi-
nal crater may have been smaller than the central depression of Gilgamesh. As 
the furrows are older than the vast majority of craters on the ancient cratered 
terrain, it is perhaps not so surprising that so small an original crater gave rise 
to the ring system. The lithosphere of Ganymede probably was very thin at the 
time the furrows were formed (McKinnon and Melosh, 1981). 
Segments of the rimmed furrow system found on polygons of ancient cra-
tered terrain between the latitudes of 10° S and 4Z0 N, and longitudes 180° and 
ZZ5° W appear to be displaced left laterally and possibly slightly rotated with 
respect to the part of the system in Galilee Regia. This displacement complicates 
the problem of defining the exact center of the system, as the center of curva-
ture of the furrows on the Galilee Regia (Smith et al., 1979b) is about zoo 
southwest of the center of the palimpsest. 
Individual rimmed furrows on the Galilee Regio are approximately 10 km wide 
and hundreds of kilometers long (Fig. 19b) . The depths of the furrows are 
estimated to be a few hundred meters and the rims of the furrows rise about 
100 meters above the surrounding surface . On the Galilee Regia, the furrows are 
relatively uniformly spaced about every 50 km, but they are more closely spaced 
where well preserved near the center of the system northwest of the central 
palimpsest. Where age relations are determinable, the furrows almost invariably 
predate recognizable craters and palimpsests on Galilee Regia . Elsewhere, a few 
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FIGURE 20 - Cumulnlive sizc..~rrequency dlslriuulion of brighl ray craters on 
Ganymede. Frequencies of urighl ray cralers observed in the h igh resolutiuu 
Voyager I p ictures nrc shown uy X's ; the combined frequencies derived from 
bulb lbe Voyager I and VoyDger II coverage urc sbuwn wilh solid circles. Error 
bars are± o ne slnndard deviDlion. The dashed lines have a slope uf -2.2, und lit 
lhe obl!ervf.lions willliu one slaudard deviation d uwn lo 25 km diDmeter. The 
break in the 1Iope n t 25 krn (Log 10 = 1.4 ) cruter dinmeler is iulerpreled lo be 
lbc re1ult of incomplete counls Dl relatively small cruler dlnmelers. 
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craters appear to be cut by the furrows. 
Ray craters 
Both bright ray and dark ray craters occur on Ganymede . Forty-three dark 
ray craters have been found: the diameters of these craters range from less 
than 4 km to 60 km (Conca , in press) . Roughly two-thirds of the identified dark 
ray craters are located on grooved terrain: this may be due, in part to the 
greater ease in identifying dark ejecta and rays on the relatively high albedo 
grooved terrain. 
Craters on Ganymede with bright rim deposits or rays range in diameter from 
a few kilometers to 155 km; over 110 such craters larger than 25 km in diameter 
have been identified (Fig. 20) . The mean frequency of craters larger than 25 km 
in d iameter with bright rim deposits or rays on grooved terrain is 3 .3 craters 
per 10 6 km 2 ; for similar craters on ancient cratered terrain, the frequency is 
2 .3 craters per 106 km2 . We interpret the 1/3 lower frequency of craters with 
bright rim deposits or rays on ancient cratered terrain to be the result of 
d ifferential retention times for rays on these two surfaces . Bright rim deposits 
and rays on the ancient cratered terrain are apparently darkened 40% faster 
than those of the grooved terrain. The darkening is probably due to the gradual 
addition of meteoritic debris to the surface, to the concentration of this debris 
as a lag deposit where net ablation of ice is taking place, and where rays are 
thin, to the gardening of the surface by small impact craters that mix the ray 
material with the underlying darker regolith. 
On Callisto, no craters with dark rays have been found. Craters with bright 
rim deposits or rays are more abundant than on Ganymede. The maximum 
diameter of craters with bright rims and rays on Callisto is about 120 km; the 
mean frequency of craters larger than 25 km in diameter, is a bout 4.2 craters 
per 106 km 2 . The craters with bright rim deposits or rays on both Ganymede 
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and Callisto generally exhibit the least topographic relaxation. 
CRUSTAL EVOLUTION OF GANYliEDE AND CALLISTO 
We turn now to an interpretation of the crater record on Ganymede and Cal-
listo and to the implications of the observed forms of the craters with respect to 
the thermal histories of these two bodies . To do this it will be necessary to make 
use of information on spatial frequency (density) of craters and of deductions 
by Shoemaker and Wolfe (this volume) on the rates of cratering over time for 
these two bodies . 
lt is crucial to bear two points in mind in interpreting the crater record on 
these giant icy satellites. First, it is manifest from the varying degrees of topo-
graphic relaxation of the observed craters, especially on the most densely cra-
tered terrains, and from the existence of palimpsests that craters have disap-
peared, either by prompt collapse or slow viscous fiow or creep on both 
Ganymede and Callisto . In assigning ages to terrains on the basis of crater den-
sity, ages for all terrains that contain palimpsests must be regarded as crater 
retention rzges . As viscous relaxation is a function of crater size, it is also clear 
that for a given surface the crater retention age can vary with the size of the 
craters counted. Moreover, if surfaces are preserved that refiect different ther-
mal histories for different regions of the lithosphere, it is evident that the size 
distribution of the preserved craters can vary. We shall see that there are 
dramatic differences in size distribution as a function of both position on the 
satellite and age of the crater population. 
Second, because the orbital velocity of each Galilean satellite is roughly 45 to 
60 percent as high as the average encounter velocity of extra-Jovian bodies with 
the orbit of the satellite, there is a very strong gradient in cratering rate from 
t.h£: apex of orbital motion to the antapex (Shoemaker and Wolfe, this volume) . 
At the present time, the ratio of the cratering rate at the apex to the rate at the 
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antapex, from impact of cornet nuclei, is about 9.6 on Callisto and about 14.9 on 
Ganymede. These ratios depend, to some extent, on the populations of impact-
ing bodies but certainly have always been greater than 3 on all the Galilean 
satellites. Hence, it is essential to take account of the position of the satellite in 
interpreting both absolute and relative ages from crater densities . It turns out 
that regions with comparatively low crater densities near the antapices of 
Ganymede and Callisto have some of the highest crater retention ages (based on 
the model of Shoemaker and Wolfe, this volume) for the surfaces of each satel-
lite. 
Evolution of ancient cratered terrain 
One of the earliest recognizable features preserved on the leading hemisphere 
of Ganymede is the Galilee Regio rimmed furrow system. As shown by McKinnon 
and Melosh (1981), the characteristics of the rimmed furrow system provide 
clues about the thickness of the lithosphere at the time the furrows were 
formed. The furrows are interpreted by them as graben; if the dips of normal 
faults bounding these graben are close to 60° , as is typical for many normal 
faults , they intersect at an average depth of about 10 km. This may be taken as 
an estimate of the thickness of the Ganymedian lithosphere at the time the fur-
rows were formed. The dip of the faults might be steeper and the lithosphere 
thicker, but from the theory of rnultiring structures of Melosh and McKinnon 
(1 978), the lithosphere of the Galilee Regie was no thicker than the average 
spacing between the furrows, about 50 km. Hence , the low latitude lithosphere 
in the leading hemisphere of Ganymede was probably between 10 and 50 km 
thick at the time the furrows formed, perhaps closer to the 10 km rather than 
50 km limit. 
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It is of interest to inquire as to how this lithosphere came into being. What 
happened prior to the impact that produced the multiring system? One conceiv-
able scenario is that Ganymede was resurfaced by a global event , perhaps a 
satellite-wide extrusion of water associated with final melting or differentiation 
of a hydrous mantle a short time before the rimmed furrows formed. The litho-
sphere could then be envisioned simply as a layer refrozen since that event. The 
crater record on the ancient cratered terrain, however, suggests that this did 
not occur. On the basis of the cratering time scale and model of Shoemaker and 
Vlolfe (this volume), the crater retention ages of parts of the crust in the trailing 
h emisphere of Ganymede are substantially greater than on the Galileo Regio in 
t he leading hemisphere. 
From detailed studies of the crater densities by J.B . Plescia it was found that, 
although the mean density of 10 km and larger craters on the ancient cratered 
terrain varies slightly with distance from the apex of orbital motion (Table Vli), 
the variation in density is not nearly as great as predicted for a surface of a sin-
gle age. If only craters larger than 30 km are considered, there is a larger 
difference in crater density between areas near the apex and areas near the 
antapex, but the difference is still much less than predicted. One possible way 
to explain a more uniform distribution of craters than predicted is to suppose 
that the rotation of Ganymede was not always synchronous with its orbital 
motion during part of the decipherable history of cratering. If several stable 
positions were possible when the rotation was locked, differences in cratering 
rate over the surface might have been averaged out. Alternatively, it might be 
S"Jpposed that the lithosphere of Ganymede was sufficiently decoupled from the 
rocky core so that even though the core may always have been tidally locked, 
the lithosphere was free to slip relative to the core. The size-frequency distribu-
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IABLE VII- Estimated 10 km crater retention ages for the ancient cratered terrain on 
Ganymede 
Derived satellite 
Observed crater wide mean crater Calculated crater 
Distance froa .ean density 1 density 2 retention age 
•!!ex of orbital motion ~2er 106 km22 ~2er 106 km22 of surface 3 (G:t) 
20° - 40° 290 171 3.80 
40° - 60° 258 170 3,80 
60° - 80° 271 212 3.84 
80° - 100° 245 245 3.87 
100°- 12P0 270 373 3,93 
120°- 140° 188 392 3,94 
1 Crater densities for each range of distance from the apex have been obtained by 
averaging the results of detailed crater counts by J.B. Plescia . 
2 The satellite wide mean density F obtained from 
[ 1 + cos ~ (6 - 1) I (6 + 1) J 
where F10 (~) is the observed integral crater density to 10 km diameter at distance ~ 
from the mean apex of orbital motion, P10 is the corresponding satellite-wide mean 
density to 10 km diameter equivalent to the crater density at~ • 90", and 6 • 9,55 
is the ratio of the cratering rate at the apex to the cratering rate at the antapex 
for Ganymede (Shoemaker and Wolfe, this volume). 
3 Crater retention ages greater than 500 my are calculated from 
where is the mean crater density 
+ 
-8 (1.15 X 10 2 t 
yr 
+ 5 , 10 ] craters ::!: 10 
106 km2 
to 10 1QD crater diameter on a surface formed plO(t) 
at time t, :l • ln 2/tl/2' tl/2 - 10
8 years, and the exponential component of the 
-8 -1 volume). cratering rate at 3.3 Gy, Ro, is 2.63 X 10 yr (Shoemaker and Wolfe, this 
km dia 
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tion of craters on the ancient cratered terrain, however, provides direct evi-
dence that the lithosphere was, in fact , approximately fixed with respect to the 
mean apex during essentially all of the recorded cratering history. On average, 
the crater-size distribution is steeper in the trailing hemisphere than in the 
leading hemisphere. The ratio of small craters to large craters is higher in the 
~railing hemisphere than in the leading hemisphere, as would be expected if the 
t railing hemisphere were older and the crust were everywhere stiffening with 
time. 
The observed distribution of crater densities on the ancient cratered terrain 
of Ganymede indicates that the crater retention ages of the trailing hemisphere 
are higher than on the Galileo Regio (in the leading hemisphere) . The range in 
crater retention ages on the ancient cratered terrain can be estimated from the 
crater ing time scale presented by Shoemaker and Wolfe (this volume) . Mean 
crater retention ages increase systematically with increasing distance form the 
apex of motion (Table VJI) . The range of model ages at 10 km crater diameter is 
J 40 my ± 30 my. As neither the apex nor the antapex of Ganymede was imaged 
at high enough resolution . for studies of crater density, the full range of crater 
retention ages is not known but probably is somewhat greater. The ri.Inmed fur-
row system on the Galileo Regio evidently is somewhat younger than the 10 km 
crater retention age of the surface it cuts , about 3.8 Gy. The mean 10 km crater 
retention age of the Nicholson Regio and nearby polygons of cratered terrain in 
the trailing hemisphere is about 3 .9 Gy. The calculated difference in age 
depends chiefly on the adopted rate of decay of cratering rate during heavy 
bombardment (modelled by Shoemaker and Wolfe after the decay rate obtained 
for the Moon) and is relatively insensitive to errors in the absolute calibration of 
the crater ing time scale. 
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A similar picture emerges from the study of the crater distribution on Cal-
listo, except that the crater retention ages over the surface of Callisto are sys-
tematically higher than on Ganymede. The distribution of large impact struc-
tures on Callisto is strikingly nonuniform. The four largest multiring structures 
(Valhalla, Asgard, and two unnamed structures) are all located in the leading 
hemisphere. The center of the Valhalla palimpsest is within 40° of the apex, and 
the center of Asgard is within 55° . Craters larger than 60 km in diameter are 
2.2 times as abundant in areas counted near the apex as they are near the anta-
pex (Table VIII) ; for craters larger than 25 km in diameter as well as those larger 
than 10 km in diameter, the density of craters near the apex is about the same 
as at the antapex. Hence, the size distribution of craters near the apex has a 
lower slope than the size distribution near the antapex. 
If the orientation of the crust of Callisto remained fixed relative to the mean 
apex of orbital motion and if the crust were everywhere the same age and all 
cr aters produced were still preserved, then the ratio of crater density in the 
region sampled near the apex to the density near the antapex should be about 
9. 6, in contrast to the observed ratios of 2.2 at 60 km, and about 1 at 25 and 10 
krn crater diameters . We interpret the observations as showing that the crust of 
Callisto was, in fact, fixed relative to the apex during the period of recorded 
cratering history, and that the crust has a spatially varying set of crater reten-
t ion ages (Table VIII) . With the exception of the polar region and local areas that 
we suspect are former palimpsests, the crater retention ages at 60 km crater 
diameter tend to become greater as the antapex is approached. At 25 km crater 
diameter this trend is even stronger. All of the 25 km crater retention ages are 
lu gher than the 60 km crater retention ages, and the difference is greatest on 
the oldes t surfaces, near the antapex. The difference in crater retention age 
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TABLE VIII - Estimated 25 km aod 60 ~ ~rater retention age& for various location& on the 
surface of Callisto. 
Calculated Calculated 
Distance from Observed density 25 Jt.. crater Observed density 60 km crater 
mean apex of of 25 km6 cra2ers retention1age o f 60 b 6cra2er& retention1age 
orbital aotion ~I!er 10 km 2 of surface (GI2 ~E!er lO k.m 2 of surface (GI) 
40° 97 4.08 10.7 4 .04 
65° 98 4.09 9.0 4 .04 
78• 96 4.12 9.8 4.07 
81° 2 124 4.16 12.1 4.10 
91° 3 107 4.16 5.9 4.02 
111° 4 75 4.17 4.3 4.04 
123° 4 78 4.19 2.1 3.94 
140° 112 4.29 4.4 4.09 
143° 106 4.29 3.9 4.08 
167° 103 4.34 4.8 4.17 
38° Valhalla 49 3.96 3.6 3.85 
palimpsest 
54° Asgard 70 4.04 10.0 4.04 
1 Values of mean crater density used in calculating the crater retention ages are 
obtained from 
[1 +cos a(6-l)/(6+1)) 
where F (a) is the observed integral crater density to diameter i at distance a from 
the ap~, Fi is the corresponding satellite-wide mean density to diameter i equivalent 
to the crater density at 6 • 90•, and 6 • q o is the ratio of the cratering rate at 
the ape:~~: to the crat.eri.ng rate at the antapex for Callisto. To obtain the equivalent 
satellite-wide mean crater density at 10 km, F10, from integral crater densities at 25 and 60 km, the size-frequency distribution of craters produced over any given interval 
of time is assumed to be give.n by 
F < 10 )y 
i i 
where y, the size index, is -2.2 (Shoemaker and Wolfe, this volume). Crater retention 
ages greater than 500 my are calculated from 
[
R exp A (t - 3.3 Gy) 
o. 52 _:O:::___~------
A 
+ 
-8 (1.15 X 10 ) t 
yr 
+ 5. 70 J craters ~ 10 km diameter 
106 km2 
where F10(t) is the satellite-wide mean crater den~ity to 10 km crater diameter on 
surface formed at time t, A • ln 2/t112 , t 112 • 10 years, and the coeffscie~fs ~f 
exponential component of the craterin& rate at 3.3 Gy, R , is 2.63 x 10 yr 
(Shoemaker and Wolfe, this volume). 0 
2 Center of counted is 78° north l&titude. area at 
3 Center of counted is so• north latitude. area at 
4 Area counted probably includes a the site of a fo~r !'&l!Joopsest. 
a 
the 
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between the apex and the antapex is about 100 my at 60 km crater diameter 
and 200 my at 25 km crater diameter. Unfortunately, the resolution of Voy-
ager images is inadequate to obtain an accurate regional distribution of crater 
densities to 10 km diameter. 
The observed distribution of craters and calculated crater retention ages on 
the heavily cratered terrain of Ganymede and Callisto follows a pattern that 
would be expected if craters have disappeared by viscous flow or creep or by 
: rompt collapse and disruption of the lithosphere, and if the retention of 
craters is, itself, partly but not entirely a function of the cratering history. As 
t he oldest crater retention ages are observed near the antapex, on both 
Ganymede and Callisto, this indicates that the lithosphere became thick and 
stiff enough to retain craters earlier near the antapex than near the apex. The 
implication of this relationship is that the local bombardment history has 
influenced the cooling of the lithosphere. As the cratering rate declined during 
heavy bombardment, the region of the antapex, where the cratering rate at any 
given time was much lower than in the leading hemisphere, became cool and 
stiff enough to support 10 km and larger craters earlier than near the apex. At 
any given location, the lithosphere first stiffened sufficiently to support small 
craters and then became capable of retaining larger craters. 
The primary effect of late bombardment on the lithospheric temperature of 
each sa tellite probably arose from the production of an insulating regolith due 
to pulverization and gardening of the surface by small craters. For an equili-
brium population of craters, one might expect a globally uniform mean thick-
ness of regolith. The relative uniform latitudinal distribution of relaxed craters, 
h owever, indicates that the regolith must have been thermally annealed at its 
base (Shoemaker et al. , 1982) . If a time of the order of 105 years or longer was 
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required for annealing to occur, however, then the mean thickness of the 
effective insulating layer would have been proportional to the local cratering 
rate during heavy bombardment. Hence, the top of the lithosphere would have 
been cooler near the antapex than at the apex. 
Another factor which leads to younger crater retention ages in the leading 
hemisphere is the higher rate of production of multiring structures in the lead-
ing hemisphere. Observed crater densities are relatively low throughout a fairly 
large fraction of the areas of the Valhalla and Asgard multiring structures on 
Callisto. Earlier production of multiring structures on the thin early litho-
sphere m ay have lead to similar regional suppression of the density of recogniz-
able preexisting craters . The distribution of this suppression effect over the 
satellite should have followed the spatial variation of cratering rate , leading to a 
more uniform final distribution of retained crater density and a gradient of 
erater retention ages increasing toward the antapex. 
A third factor enhances the abundance of small craters at the antapex, but 
we judge this effect to be subordinate to the differences in of stiffening of the 
crust with time. Distant secondary craters associated with large craters and 
basins excavated on the leading hemisphere will be produced on the trailing 
hemisphere. The occurrence of secondary crater chains shows that many 
s<::co:-J. daries 10 km in diameter and some up to 30 km in diameter can be 
formed, at least during the late stage of heav-y bombardment. It is less clear 
that equaLly large secondaries were produced at an earlier stage when the litho-
sphere was very thin. As many more large craters and basins are formed in the 
leading than in the trailing hemisphere, the number of distant secondaries pro-
duced in the trailing hemisphere will be disproportionately large in comparison 
with the number of both small and large primaries formed there . This probably 
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leads to significant overestimation of crater retention ages at 10 km diameter 
over the entire surface and especially near the antapex, but the etiect is prob-
ably small at 25 km crater diameter , and essentially vanishes for larger craters. 
Detailed examination of the local variation of crater density on Ganymede 
and Callisto provides direct evidence on the manner in which early-formed 
craters d isappeared. On the recognizable palimpsests, the crater density (at 
crater sizes greater than the largest associated secondary craters) generally is 
less than on adjacent ancient cratered terrain. Typically, nearly all earlier 
craters are obliterated in the area covered by each palimpsest, even though 70 
to 90 percent of the area of the palimpsest evidently corresponds to an ejecta 
bLanket. The reason for this efficient obliteration is that nearly all of the pre-
palimpsest craters were either small enough to begin with or had flattened by 
viscous fiow or creep to sufficiently low relief that the remaining relief was 
smothered by a comparatively thin ejecta deposit. On Ganymede, the 
palimpsests are fairly abundant . A large area of ancient cratered terrain in the 
Marius Regio is about one-half occupied by palimpsests (Fig. 13c) . The mean 
area occupied by recognizable palimpsests on the ancient cratered terrain of 
Ganymede is roughly estimated at 25 percent. ALthough less easily mapped, 
palimpsests cover a roughly comparable fraction of the surface of Callisto . 
Between the recognizable palimpsests on Ganymede and Callisto , there are 
also local areas where the crater densities are lower than the regional mean by 
an amount greater than would be expected by chance. Some of these areas on 
Callisto are recognizable by their low crater abundances listed in Table VlJI, and 
similar areas of local low crater abundance have been found by Plescia on 
Ganymede. ln some cases the occurrence of small palimpsests or large craters 
in the areas counted is responsible for the low crater abundance, but in other 
so 
cases there is no obvious cause. As the albedo contrast between a palimpsest 
and the surrounding surface evidently fades with time, it seems likely that many 
areas of anomalously low crater abundance (perhaps 10 to 20 percent of the 
ancient cratered terrains) correspond to former palimpsests. If one pushes the 
cratering history back far enough, of course, all parts of the surface probably 
were occupied at one time or another by palimpsests . 
Our picture of the early evolution of the Hthospheres of Ganymede and Cal-
listo can be summarized as follows. During early heavy bombardment. the heat-
ir-g of the lithosphere by the combination of impact generation of an insulatina 
<:> 
regolith and heat flow from the deep interior was sufficient to prevent retention 
of any recognizable craters. As the bombardment rate and heat production by 
radioactivity waned. the upper part of the lithosphere of each satellite cooled to 
the point where craters large enough to be recognized in the Voyager images 
were retained. The earliest retained craters on each satellite are relatively small 
(less than 10 km diameter) and occur either in the polar regions or near the 
anlapex . Crater retention then spread in a "wave" toward the apex. At any given 
distance from the apex, progressively larger craters were retained With the pas-
sage of time. In detail, the loss of craters was a stochastic process. Individual 
craters first fiattened by fiow or creep, and then groups of craters were smoth-
ered beneath ejecta deposits . Large early craters that penetrated the shallow 
asthenosphere probably flattened almost immediately after they were formed. 
At early times. when the lithosphere was very thin (~ 10 km thick), extensive 
regions probably were resurfaced by the formation of multiring structures. 
We have not found any evidence that fiooding of the surface by water was an 
important part of the early evolution of the lithospheres of Ganymede or Cal-
lis to nor any evidence that a major fraction of the mantle of either satellite was 
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cussion). 
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liquid at any one time during its decipherable history. Owing to combined heat-
ing by impact and radioactivity, the shallow thermal gradients on both satellites 
probably were steep enough to lead to convection of solid ice within their deeper 
interiors very early in their histories. In all likelihood, Ganymede and Callisto 
differentiated during or shortly after accretion; no more than a small fraction of 
water may have been present at a given moment during this differentiation 
(Schubert et al., in press). It should be noted that thermal history calculations 
for Ganymede and Callisto that ignore heating by impact both during accretion 
and possible intense heavy bombardment by projectiles external to the Jovian 
system after accretion, probably are unrealistic. 
Record of ray craters 
As on the Moon, the ray craters on Ganymede and Callisto are the youngest 
features recognized on each satellite. The rays are superimposed on craters 
that lack rays and on all the recognized types of terrain . The rays must fade 
with time and disappear, evidently as a consequence of processes that influence 
the average albedo of material exposed locally at the surface. Presumably, 
nearly all primary craters · large enough to be resolved on the Voyager pictures 
had associated rays when they were first formed. These rays are bright for 
about 99% of the newly formed craters on Ganymede and essentially 100% of the 
craters on Callisto . 
On Ganymede, the density of bright ray craters larger than 30 km in diameter 
ranges from about 0 .3 per 106 km2 in the leading hemisphere to about 1.1 per 
106 krn 2 in the trailing hemisphere (Fig . 21) . The observed densities correspond 
to ray retention ages of less than 500 million years in the leading hemisphere, 
on the b asis of the bombardment model and the cratering timescale of 
Shoemaker and Wolfe (this volume); for the trailing hemisphere, the mean ray 
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retention age is about 2 billion years. On Callisto, the density distribution of ray 
craters is less clearly related to distance from the apex. If anything, there is a 
trend of declining density with increasing distance from the apex, but consider-
able scatter is found in this trend (Fig . 22). The mean density of ray craters in 
the leading hemisphere of Callisto is higher than that observed anywhere on 
Ganymede. Ray retention ages on Callisto range from 1.1 billion years in the 
leading hemisphere, to about 3.7 billion years near the antapex. Although the 
crater rays on Callisto are retained for a longer period of time than rays on 
Ganymede, they are generally much fainter. Both the albedo of the rays on Cal-
lis to and the contrast in albedo between the rays and the adjacent surface is 
less than for rays on Ganymede. 
The densities and regional variation of density of ray craters on the satellites 
reflect a balance between the rate of production of ray craters and the rate at 
which rays disappear. If the rate of ray erasure were everywhere constant, then 
the ray retention ages would be spatially uniform and density would reflect the 
crater production rate . In this case, ray craters would be most abundant at the 
apex of both satellites, and Ganymede would have more ray craters than Cal-
listo, contrary to what is observed. 
A range of ray retention ages increasing systematically with distance from 
the apex would be expected on Ganymede and Callisto, if the fading and disap-
pearance of rays were due entirely to the local production of small impact 
craters that result in gardening of the surface and contamination of the regol-
ith with dark debris . If the small particles that produce the gardening and con-
~amination of the surfaces had a distribution of orbits like those of the larger 
bodies that produce the ray craters, and if the ratio of the flux of small parti-
cles to the flux of the larger bodies did not change with time, then the rate at 
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which rays fade would be proportional to the rate at which they are produced. 
In this case the density of ray craters would be spatially uniform on each satel-
lite and it would be the same on both Ganymede and Callisto. These conditions 
c:.re closer but still contrary to observation. 
If small particles that result in gardening and contamination tend to be on 
less eccentric orbits than the orbits of the ray crater producing bodies, the 
dtf!erence in the impact rates between the apex and antapex will be greater for 
the small particles than for the larger bodies . In this case, the ratio of ray 
removal rate to the ray production rate will be higher at the apex than at the 
antapex and an increasing density of ray craters toward the antapex would be 
predicted, as found on Ganymede. Moreover, the rate of ray removal would be 
higher on Ganymede than on Callisto, which would lead to a higher ray crater 
density on Callisto, as observed. If gardening by small craters were the only 
cause of ray fading and disappearance, however, a gradient of increasing ray 
crater density toward the antapex should also be found on Callisto. As such a 
gradient is not found, gardening by small craters and contamination of the sur-
face by impacting debris cannot be the only process of ray erasure. 
Assuming the impacting bodies are all on heliocentric orbits, there is a limit 
to the gradient in ray crater density between the apex and antapex that can be 
accounted for by the difference in orbits between the small particles and the 
larger ray crater producing bodies. The maximum possible gradient (ray crater 
density increasing toward the antapex) would result if all the small impacting 
particles were on orbits nearly identical with that of Jupiter. The Poynting-
Robertson effect will tend to circularize the orbits of small Jupiter-crossing par-
t icles, but they cannot be driven to coincide with Jupiter's orbit. The ratio, U • 
of encounter velocity with Jupiter's sphere of influence to the orbital velocity of 
()6 
Jupiter is given, in the limit of a circular orbit, by 
U = [ 2 ( 1 - cos i ) + 4 I 9 e02 J 112 (3) 
where i = inclination of small particle orbits to orbit plane of Jupiter, and 
e0 = 0.0464 is the average eccentricity of Jupiter (see appendix 1, of Shoemaker 
and Wolfe. this volume) . Most of the impacting small particles probably are 
derived from disintegration of short period comets and they will tend to inherit 
the orbital inclination of the respective parent comets. Hence the small particle 
swarm should have about the same mean inclination as the short period comets, 
about 10.6° ; the limiting value of U , then, from eq. (3) is 0.1 8 7 . From the 
equations presented by Shoemaker and Wolfe (this volume), at U = 0 .187 , the 
ratio. Os of the small particle cratering rate at the apex to the rate at the anta-
pex is 26.7, on Ganymede. The ratio , a , between ray crater density at the apex 
and at the antapex is given by a = 61 I Os , where 61 is the ratio of ray crater pro-
duction rate between the apex and antapex. Adopting 61 = 14.9, as estimated by 
Shoemaker and Wolfe, we find a = 0.56. This corresponds to a gradient of 
increasing ray crater density toward the antapex somewhat less steep than the 
least squares fit to the observations form Ganymede (Fig. 21) , but, -within the 
counting errors, it is consistent with the observations. Using a = 0 .36 , which is 
the best fit to the observations when the the two points with the greatest uncer-
tainty are neglected, and using the limiting value Os = 26 .7, the maximum value 
of 61 suggested by the small crater gardening model of ray removal is 5.3. This 
low value of 61 would correspond to a distribution of orbits for the large impact-
ing bodies dominated by long period comets rather than a distribution dom-
i!:lated by short period comets postulated by Shoemaker and Wolfe. 
For the small crater gardening model of ray removal. the ratio, Cr , of mean 
ray crater density on Ganymede to the mean ray crater density on Callisto is 
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given by Cr = CP /e where Cp is the ratio of production of ray craters on 
Ganymede to the production on Callisto and e is the ratio of production of small 
crater s on Ganymede to the production on Callisto. From the equations given 
b y Shoemaker and Wolfe {this volume) it can be shown that e is given by 
(4) 
where Sg2 = 1.389 i s the square of the dimensionless escape velocity from Jupiter 
at the orbit of Ganymede {ratio of the escape velocity from Jupiter at the orbit 
of Ganymede to the orbit al velocity of Jupiter), Si8 = 0.0440 is the square of the 
d imensionless escape velocity from Ganymede, Sc2 = 0. 7904 is the square of the 
dimensionless escape velocity from Jupiter at the orbit of Callisto, and 
Sc~ = 0.0349 is t h e square of the dimensionless escape velocity from Callisto , and 
->-.. is the s ize index for small craters , provisionally taken to be 2 .9 {Shoemaker et 
al., 1982) . Introducin g U = 0 .187 , the lower limiting value for small particles, we 
fin d the maximum value of e is 2 .75 . If 2 .3 / 1 .23 = 1.87 found for large crater 
production b y Shoemak er and Wolfe , is adopted for Cp , then the lower limiting 
value of Cr is found to be 1.87 /2 .75 = 0 .68. The observed value of Cr for craters 
on ancient crater e d terrain down to 25 km diameter is 3 .3 x 10-6 km - 2 I 4 .8 x 
10- 6 km2 = 0 .69, in close a greement with the ratio predicted by Shoemaker and 
Wolfe {1 982) . 
If gardening by small craters is the primary process of ray removal on 
Ganymede, another process or set of processes must be dominant on the trail-
ing hemispher e of Callis to . Ablation of the surface, leading to residual concen-
t r ation of da rk silic ates, is one possibility. Development of a lag deposit of dark 
mater ial migh t oc cur through slow sublimation of ice or from differential 
sputt ering o f ice a n d silicat es under bombardment of the trailing hemisphere of 
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Callisto by the co-rotating plasma in the Jovian magnetosphere. Direct evidence 
of the influence of sublimation due to insolation is found on Ganymede, where 
bright rays are seen to be generally much fainter at low latitudes than at high 
latitudes. The slow transfer of H2 0 from low latitude to high latitude has been 
treated from a theoretical standpoint by Purves and Pilcher (1980) and may 
account for the polar shrouds found on Ganymede. What remains to be 
a ccounted for, however, is the absence of similar shrouds on Callisto. 
Differential sputtering, which has been invoked by Conca (1981) to explain an 
observed strong concentration of dark ray craters on the trailing hemispheres 
of Ganymede, may also be a promising mechanism to explain the loss of bright 
rays on the trailing hemisphere of Callisto . In particular, sputtering may be 
partly responsible for an apparent low surface density of fine particles on the 
t railing h emisphere of Callisto indicated by polarization observations (Dollfus et 
al. , 1980) . The role of both sublimation and sputtering in ray removal may be 
greater on Callisto than on Ganymede, because of the lower rates of cratering 
on Call.isto. 
The distribution of craters with bright rim deposits on Ganymede appears to 
be independent of distance from the apex, but the observations of density are 
scattered. The retention ages of bright rims on Ganymede range from about 
BOO million years in the leading hemisphere to about 3 .5 billion years in the 
t r a iling hemisphere ; the corresponding crater densities range from about 2.1 to 
3. 0 craters larger than 30 km in d iameter per 106 km 2 in the leading hemi-
sphere, to about 1.6 to 2 .6 craters per 106 km 2 in the trailing hemisphere. On 
Callisto , the density of craters with bright rim deposits decreases systematically 
\o\i th increasing distance from the apex (Fig . 23). The retention ages for bright 
r im s range from 3.2 billion years in the leading hemisphere to 3.7 billion years 
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dar·kcned by m elcoruid impucl, which bas a verl large vat ialiun in role a:; '1 
function of distance form lire apex. Alr acldiliuua l process . whose ralc is 
i11dcpendcnl of disbuct• fr·uur Lire upcx, such n:; lloc sluvr ablaliun of ice by insu-
lalion, is required lu cxplaiu li.Jc t.larkening uf llic rim clepusils. 
--
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in the trailing hemisphere . Thus the spatial variation of density of craters with 
bright rims on Callisto follows approximately, but not precisely, the distribution 
that would be predicted if the retention time for bright rims were everywhere 
th e same. It is clear that the processes which remove or darken rays work 
somewhat differently with respect to the albedo of the continuous ejecta depo-
stts. Th e r im deposits remain noticeab ly bright long after rays have disappeared, 
and, on Callisto , the dark ening of the rims is not proportional to the small 
crater gardening rate or t o the influx of dark contaminating debris . The very 
slow abla tion of ice , due to insolation, especially at low latitudes, may be an 
importa nt ca use of darkening of the crater rim deposits. 
Thermal history of the lithosphere of Ganymede 
1f the timescale is known , the observed topographic relaxation of a crater, 
whose initial form is known, in a material whose properties are also known can, 
in principle , be made to yie ld information bearing on the subsurface thermal 
regime. It should be possible to infer the variation of thermal gradient with 
tim e by ana lys is of the relief of many craters of different ages and different 
sizes. A d ifferent but related approa ch to determination of thermal history 
based on cr ater s ize statistics , has been taken by Phillips and Malin (1 980) . 
Th ere are several d ifficulties in the r igorous application of these concepts to 
Ganym ed e and Callisto. First, the relevant physical properties of ice at the very 
low t emperatures of the surfaces of Ganymede and Callisto are unmeasured. 
T!1e mechanisms of flow or creep of ice at these temperatures have been 
inferred on theoretical grounds (Goodman et al. , 1981) but are unverified. More-
over , t h ere is direct evidence that, at least at the surface, the ice is impure; the 
composition, abundance , a nd effect of these impurities on the flow of ice is unk-
nown. Secondly, while it is possible to make estimates of t he ages of surfaces by 
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crater counting, it is difficult to date any but the largest individual craters. 
Hence we are reduced to looking at the distribution of crater shapes on dated 
surfaces and arriving at the answer by statistical arguments . Finally, the tem-
perature and correlated physical properties vary not only as a function of depth 
at a given site but also as a function of time. This last circumstance merely 
raises practical problems of computation rather than any fundamental obsta-
cle. 
Here we shall attempt to leap over these rather formidable hurdles with some 
very rough approximations . We do so in the spirit of an exploratory foray to see 
if the broad outlines of lithospheric thermal history might be ascertained. 
We start with the analysis by Danes ( 1965) of the relaxation of a crater in a 
Newtonian viscous fluid whose viscosity is uniform in both space and time. At 
relatively high temperatures, ice behaves nearly like an ideal plastic solid rather 
than a viscous fluid , but for our present exploration purposes the approxima-
tion of a ewtonian viscous fluid may be satisfactory; it has the great advantage 
of mathmatical tractability. The "viscosities" which we will derive must be 
regarded as effective viscosities . Furthermore, they must be regarded as very 
crude estimates of the average effective viscosity from the surface to depths 
that are nol well defined and also they must be regarded as averaged over time. 
The most serious defect in our application here of Danes' solution for crater 
relaxation to craters on Ganymede and Callisto probably lies in the failure to 
account for very strong vertical gradients in effective viscosity that must exist 
at any time during the evolution of the lithosphere. 
Deines' solution for crater relaxation can be reduced to a series of theoretical 
profiles al various e-folding times . Profiles obtained by photoclinometry can 
then be compared with the computed profiles to determine the approximate e-
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folding degree of relaxation, r . If we can set appropriate bounds to the time 
interval, !::.t , over which the observed relaxation occurred, the characteristic e-
folding time, -r , is given by 
T = !::.t I r (5) 
The effective viscosity, 1'Juf! , can then be estimated (Danes , 1965) from 
1 
TJuf! = 1.605 p T g (D 12) (6) 
where p is the density of the lithosphere , g is the acceleration of gravity of the 
satellite, and D is the crater diameter (all units are cgs). For purposes of com-
r:>aring the results obtained from craters of differ ent sizes we will adopt the 
mean depth , h , to which the estimate of TJu!f applies, as h = D I 2. In a 
separate paper, we will show that our use of this assumption here gives results 
similar to the case in which the viscosity decreases exponentially with depth, 
corresponding to the situation in which heat fiow is uniform with depth. 
Next, we will assume that the Arrhenius relation for the temperature depen-
dence of viscosity (Shaw, 1972) 
T} = 1'}0 exp [ T* ( l:_ - ~ ) J T ... o (7) 
where T is the temperature of the medium, T0 is the reference temperature for 
which the viscosity is n 0 , and r • is an "activation" temperature, is applicable to 
the material of the lithospheres of Ganymede and Callisto. Two values of r • are 
used here: both values are based on an effective viscosity of 10 14 poise at 270 K 
as a reference. Assuming that the effective viscosity of ice at 130 K is 1025 poise, 
r• is 6 .28 x 103 K: for a viscosity of 1026 poise at 130 K the corresponding value 
for r • is 6 .85 x 103 K. Various formulae that have been used to estimate the 
effective Yiscosity of ice yield values close to 1025 poise at 130 K (e .g. Reynolds 
and Cassen, 1979) . The competence of Ganymede's lithosphere to support large 
7J 
craters at a late stage of thermal evolution, however, suggests that 1026 poise is 
a better estimate for effective viscosity at the surface of the lithosphere. The 
values derived for the activation temperature are fairly typical. For com-
parison, the viscosity of the upper 100 km of the earth's crust has been 
estimated to be in excess of 1025 poise (Gordon, 1967: McKenzie, 1967) There-
fore , the viscous behavior ice at very low temperatures ( 130 K) is very much 
rocklike. 
The estimated thermal gradient, l!. T I h , will be taken as 
(B) 
where Ts is a representative surface temperature and T is the calculated tem-
perature of the lithosphere at depth h . The annealing temperature at the base 
of the regolith is estimated by Shoemaker et al. ( 19B2) to be 130K. Here we will 
adopt 130K as the global temperature at the top of the lithosphere. 
The most difficult step in applying equations (5) through (B) is to obtain an 
appropriate estimate of l!.t . From evidence presented earlier, we adopt the 
model that the lithosphere, at any given place was relatively thin at the time the 
oldest preserved craters were formed and that the thermal gradient decreased 
monotonically with time. Stochastic changes in the thermal regime associated 
with the individual larger craters will be ignored for this first analysis . As the 
thermal gradient was decreasing rapidly during the earliest part of the crater 
record , t:d will simply be taken as the difference in age between craters that 
r-eveal, by their degree of topographic relaxation, a substantial change in the 
thermal gradient. The success of this procedure depends on the fact that the 
characteristic relaxation time depends linearly on TJsJJ and that 77o!f depends 
exponentially on T . Hence, with a steadily declining mean T, most of the 
observed relaxation occ urs early in the history of a given crater. If sufficient 
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determinations of /). T I h . distributed over time, are obtained for a given region, 
more precise estimates of M can be found, utilizing the first derived thermal 
history; an improved thermal history is then obtained by iteration. This 
refinement, however, is nor warranted for the very crude estimates presented 
here. 
To illustrate the method, we have taken observations from photoclinometric 
profiles of craters on the ancient cratered terrain of the Nicholson Regio and 
the adjacent grooved terrain of the Harpagia Sulci. This region is in the trailing 
hemisphere of Ganymede and includes areas with some of the highest observed 
crater retention ages on the satellite. Crater retention ages of the oldest (most 
flattened) craters at 10 km. 20 km, and 60 km on the Nicholson Regio and the 
age of the most flattened 20 km diameter craters on the Harpagia Sulci are 
from unpublished crater densities by J . B. Plescia. Ages for the oldest ray 
craters on the Nicholson Regio are taken from ray crater densities shown in 
figure 21. These various estimates of the ages of the observed craters together 
with the observed values of crater relaxation, r , (from the comparison of pho-
toclinometric profiles wit.h the theoretical profiles of Danes) and the derived 
value of T, 17efl , and !:!. T / h are listed in Table IX. 
As the thermal gradient was declining fairly rapidly with time, especially near 
the beginning of the preserved crater record, the time at which the calculated 
viscosities and thermal gradients most nearly apply probably is fairly close to 
the time of origin of the respective craters . For example, the thermal gradient 
on the Nicholson Regio is estimated at 5 .5 to 6.7 K/ km at a time close to 3.94 
Gy; the thermal gradient declined to about 0. 17 to 0.40 Kl km by about 2.0 Gy. 
As given in Table IX. there is one anomaly in an otherwise simple p icture of 
monotonic decrease of thermal gradient with time. The calculated gradient at 
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the time of retention of the oldest 60 km crater on the Nicholson Regio ( t0 = 
3 . 76 Gy) appears too low. This anomaly almost certainly is an artifact of the 
assumptions used; our estimate of 6t for collapse of this crater may be several 
times too long. The values of 7Jef! and 6 T I h must be considered very rough 
estimates . Although the absolute values may be considerably in error, the 
sequence or h is t orical trend of 7Je!J and 6 T I h is highly significant. 
The thermal gradient in the Nicholson Regio apparently decreased by an 
order of magnitude in the time interval from about 4 .0 Gy to 2.0 Gy. The early 
G.ecay in the derived thermal gradients rather closely follows the estimated 
decay in cratering rate, dropping by about half every lOa years during late heavy 
bombardment. Following heavy bombardment, the decay of the thermal gra-
dient apparently slo,.,-ed considerably. 
A quantitative assessment of impact heating shows that the derived drop in 
thermal gradient between 3 .94 and 3.86 Gy or at later times cannot be due sim-
ply to a decrease in heating by impact at t hose times . The cratering rate at 3 .94 
Gy is about 400 craters equal to or larger than 10 km diameter per 106 km 2 per 
:i. oa years . The area, A , covered by these craters is 
A= yrrN 
4 
lOkm 1 n<..,+t) dD 
DlJIU 
(9) 
where the size index 1 =-2.2 (Shoemaker and Wolfe, this volume) , N = 6.3 x 
104 km - 2 ·2 per 106 km 2 and Dmax , the diameter of the largest crater formed , is 
150 km. Integration of equation (9) yields an area of craters formed in lOa 
years of 1.4 x 105 km 2 , or only 14% of the surface. Integration to 1 km crater 
diameter, a size at which heating of the lithosphere would be very ineffective, 
would merely double the area covered. The cumulative energy. E , delivered to 
the s urface by projectiles forming craters 10 km in diameter and larger per 
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..., N 1otm 
E= ...L...:..:_ 1 n<7+s-1) dD 
K:, 'Dmaz (10) 
where Kn is a scaling constant relating the diameter of a crater to the kinetic 
energy of the projectile, W , and s is the inverse scaling exponent, 
D = Kn W(lls) ( 11) 
Adopting Kn = 0 .125 km (kt TNT)-ll 3 ·4 and s = 3.4 (Shoemaker and Wolfe, this 
volume) , we obtain E = 2.3 x 1030 ergs , and the power per unit area is 0 .07 erg 
em - 2 sec-1 . This may be compared to the drop in power per unit area implied 
by the drop in thermal gradient between 3 .94 and 3 .86 Gy. The mean thermal 
conductivity coefficient of the lithospheric ice (temperatures from 120 to 190 K) 
is estimated from measurements summarized by Hobbs ( 1974) at about 4 watts 
m - 1 K-1 . Hence the change in heat flow corresponding to a change in thermal 
gradient of 3 .7 K km-1 is 4 watts K-1 m-1 x 3 .7 x 10-3 km-1 which is equal to 15 
x 10-3 watts m.-2 or 15 ergs cm-2 sec-1 . The total rate of delivery of impact 
energy to the surface of Ganymede at 3 .94 Gy is 200 times less t han the derived 
change in heat flow between 3 .94 and 3 .86 Gy. Even if as much as 50 percent of 
the impact energy were retained as heat in the lithosphere, heating associated 
'"ith craters forming at 3 .94 Gy could not account for more than a few parts per 
thou sc-.nd of the total heat flow at that time. 
It is clear that the thermal gradients on Ganymede, from the time of the ear-
liest crater retention ages, must be controlled by heat flowing from the deep 
(su blithosphere) interior of the satellite. If the correlation of crater retention 
ages with proximity to the antapex is related directly to the gradient in crater-
ing rate, the d i stribution of crater retention ages probably reflects an indirect 
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effect such as regional variation in the temperature at the top of the lithosphere 
due to a gradient in thickness of insulating regolith. 
A remote possibility remains that the asymmetric cooling and thickening of 
the lithosphere after 4 Gy may partly reflect asymmetric impact heating of 
Ganymede at a time very close to its accretion. The trailing hemisphere of 
Ganymede probably never was heated as much as the leading hemisphere, dur-
ing the early stages of heavy bombardment. If the early flux of projectiles arriv-
iag from outside the Jovian system were sufficiently intense, then the gradient 
in crater retention ages on the ancient cratered terrain might reflect an early 
pattern of impact heating of the entire body. 
A history similar to that obtained for Ganymede is applicable to Callisto. The 
distribution of crater retention ages, increasing toward the antapex, may partly 
be a reflection of asymmetric regolith development and also partly the result of 
asymmetric production of multiring structures on the thin early crust. Crater 
retention ages (at 25 km crater diameter) extend back to 4.3 Gy (based on a 
uniform half-life of the cratering rate of 108 years). 
The greater overall crat'er retention age of the lithosphere of Callisto , as com-
pared with Ganymede. probably is attributable to two causes, 1) a lower abun-
dance of radioactive heat sources per unit surface area (cf Cassen et al.. 1980), 
and 2) less total heating by impact during accretion and early heavy bombard-
ment. 
A comment is in order on the absolute values of the derived thermal gra-
dients in Table IX. If we assume that the lithosphere-asthenosphere boundary 
occurs at T'JsJf of about 1018 poise. comparable to the boundary on earth, the 
t emperature o' the boundary. from eq (7) is about 190 K. The thermal gradient 
of 6 .7 K km -l at about 3 .9 Gy suggests a lithosphere thickness of (190-120)/ 6.7 
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km = 10 km. This is close to the lower limiting thickness estimated for the litho-
sphere of the Galileo Regio, at a probably comparable stage of thermal evolu-
tion. Hence , we consider the derived thermal gradient on the Nicholson Regio 
for 3.94 Gy to be a realistic estimate. The derived gradient for times less than 3 
Gy probably are too low, however. The heat flow implied by these gradients is 
m uch lower than the equilibrium heat flow expected from plausible abundances 
of radioactive elements in the rocky core of Ganymede (cf. Cassen et al., 1980). 
The discrepancy is probably due mainly to our failure to take account of the 
changing influences of the regolith as both the cratering rate and heat flow 
declined. As the heat fiow decreased, the top of the lithosphere probably cooled 
~ignificantly. 
The survival of the central depression of the Gilgamesh Basin is also a prob-
lem of considerable interest. From crater densities given in Shoemaker et al. 
(1982), the model age of the basin is "'3 .5 Gy. The effective viscosity averaged 
over time, required t o preserve the depression at its present degree of topo-
graphic relaxation is about 1025 poise , at a depth comparable to the diameter of 
the central depression. This high viscosity (which implies a lithosphere thick-
ness of 300 km or more) would not be expected at low latitudes. The derived 
thermal gradient for this latitude (using 11 0 K as the mean temperature at the 
top of the lit hosphere, is roughly consistent with the derived late stage thermal 
gradients at the low latitudes of the Nicholson Regia . However, if we use the 
present global heat flow on Ganymede suggested by Cassen et al. ( 1980) for 
equilibrium with a current level of radioactivity from a chondritic abundance of 
radioactive elements in the rocky core, the present thickness obtained for the 
lithosphere below Gilgamesh would be only 80 km. 
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TABLE IX - Effective lithospheric viscosites and thermal gradients of Ganymede 
Crater Age (Gy) _r_ 6 t (Gy) :.J..hl 
Effective 
viscosity 
(poise) 
Most flattened 10 km 
crater in lilcholson 
Regie 
Most flattened 20 ka 
crater21n Nicholson Regie 
Most flattened 60 km 
crater in Nicholson 
Regie 
Most flattened 20 km 
crater3in Harpagia Sulci 
3.94 
3.86 
3.76 
3.61 
50 0.08 
50 0 .1 0 
0 .15 
6.5 1.6 
48 km crater vith (2 . 0) l.O 0 . 4 
bright ris depoi it in 
Harpagia Sulci 
123 km crater with 1.6 (6.5) 1.6 
rays on Nicholson 
Regio 
Gilgamesh Basin 5 
(175 km diameter) 3.5 
(10) 
(40) 
3.5 
.0016 2.0 X 1021 
.0020 5.0 X 1021 
. 0030 2.3 X 1022 
.25 
.4 
.25 
.35 
. 09 
6.2 X 1023 
7 • 7 X 1024 
1.9 X 1024 
Thermal 
(1) 
deg / km 
5.5 
2.4 
0.6 
0.8 
0.17 
0.04 
0.23 
0.28 
gradient1 
(2) 
deg/km 
6.7 
3.0 
O.!l 
1.4 
0.40 
0.14 
0 . 30 
0.35 
Gradient (1) based on assumption that the viscosity of ice at 120 K is 1025 poise, and 
gradient (2) based on assumption that the viscosity of ice at 120 K is 1026 poise. 
2 
3 
4 
5 
From profile 4, figure 3. 
From profile 1, figure 3. 
From profile 1, figure 7. 
Thermal grad i ents calculated for Gilgamesh are based on a mean surface tempera ture 
of 100 K at 60° latitude rather t han 120 K used in calculating the other gradients. 
80 
Origin of central pits 
The global abundance of craters with central pits on Ganymede and Callisto 
exceeds, by far, the abundance of similar craters on any of the terrestrial 
p lanets. Craters with central pits identified on Mars (Wood et al., 1979; Hodges 
et al. , 1980) and craters with ''peak-rings" on Mercury and the Moon, probably 
are analogous to the craters with central pits on Ganymede and Callisto. The 
origin of the central pits and peak-rings has been a subject of debate . We note 
that craters with central pits on Ganymede and Callisto have terraced walls . On 
the Moon, there is nearly a one-to-one correspondence between t he presence of 
a central peak and the presence of terraced walls, for fresh craters up to 100 
km diameter . The terraces are very probably produced by prompt collapse 
along the crater walls . Thus the development of a central peak appears to be 
strongly correlated with and probably is a consequence of prompt collapse of 
the crater walls. Our observation that craters with central peaks make up most 
craters 5 to 20 km in diameter, whereas craters with central pits make up a 
majority of craters larger than 20 km in diameter on Ganymede and Callisto , 
suggests that, in craters larger than 20 km, central pits have replaced the cen-
tral peaks. In other words the circumstantial evidence is very suggestive that 
central pits have formed by collapse of an initial central peak. High resolution 
images of Ganymede reveal a number of central peaks which appear to have a 
small pit at the summit or a pit with an anomalously high rim. We interpret 
these features as examples of partially collapsed central peaks . 
Taking a central peak to be a simple conical solid with a basal radius of 
approximately 1/7 the crater radius, and a maximum peak height of the order 
of 1 km (in agreement with the observations of peaks in 20-30 km diameter 
craters), the stress due to the load of the peak at the level of the crater floor is 
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Stress 1 I 3 rr p R
2 H g 
= rr R 2 = 1 I 3 p H g ( 12) 
where R is the basal radius of the peak, H is the height, g is gravity, and p is the 
density of the material in the peak. Substituting a value of 1 km for H and the 
density of ice I of 0 .9 g em-s (the peak may actually consist of metastable 
higher pressure phases produced by shock) in eq (12) yields a stress of 4 .3 bars . 
This may be compared with the ultimate strength of ice. In the temperature 
r a nge of 0° C to -10° C the strength of ice I varies from about 14 to 50 bars 
(Voitkovskii. 1962) . Even if the central peaks consisted of warm ice, one might 
expect much larger peaks than those observed to have been preserved. There-
fore , for our model of collapse to be physically valid, the strength of the 
material within and beneath a central peak must be many times less than the 
st rength of pure warm ice. 
A possible clue to the implied very low strength of the material beneath the 
central peaks is provided by an experiment reported by Shoemaker et al.( 1963) . 
In this experiment, fragments were recovered from an iron projectile fired at 
h ypervelocity into sandstone. As shown by metallography, the temperature of 
the fragm ents remained below the melting point of the iron, but certain sur-
fa ces of the fragments were coated with a quenched iron melt. The melt was 
p r oduced by fr ictional heating of the shear surfaces along which the projectile 
wa s pulled apart . Similar frictional heating along shear surfaces in relatively 
strongly shocked ice in the central peaks of craters on Ganymede and Callisto 
may well have produced abundant thin veins and veinlets of water. Lubrication 
of the shea r surfaces by water would greatly reduce the bulk strength of the 
peak and deep-seated mate rial underlying the peak. 
We s uggest tha t all central pits in the craters on Ganymede and Callisto are 
formed by prompt collapse of a transient central peak. A central pit in the 
B2 
Prairie Flat crater, produced by detonation of 500 tons of TNT, evidently was 
formed in this manner (Roddy, 1976; Roddy et al., 1977; and D. J . Roddy, per-
sonal communication, 1980). When a transient peak is formed whose basal load 
is much greater than the instantaneous strength of the strongly shocked (and 
partially m elted) subjacent ice, the collapse of the peak is comparable to a case 
of very low velocity impact . A crater with a raised rim is formed which is 
roughly similar to craters produced by true impact. We do not suggest, however, 
that any of the material of the peak was necessarily lofted into space above the 
surface of the satellite or that the peak went through more than one up-down 
oscillation (cf Murray, 1980). 
The occurrence of craters with anomalously large central pits is clearly 
related to their age. In all cases, they probably formed when the lithosphere was 
relatively thin. A good example is the 60 km highly flattened crater on the 
Nicholson Regio (Table IX), which has a 29 km diameter central pit . If the base 
of the lith osphere occurs at 17aJJ of about 10 18 poise, with a corresponding tem-
perature of about 190 K. then the depth to the base of the lithosphere indicated 
by the thermal gradient given in Table IX is about 70 km. We consider the ther-
mal gradient derived from this crater to be too low by more than a factor of 2, 
however , and the correct thickness of the lithosphere probably was closer to 35 
km. The diameter of the crater, in other words, is nearly twice the probable 
depth to t he asthenosphere at the time this crater formed . Assuming the tran-
~ient cavity produced had a depth of 1/5 D = 12 km, the uplift of the central 
peak proba bly form ed a dome in the underlying asthenosphere of the order of 
12 km. Hence, the depth to the asthenosphere beneath the transient peak was 
(35-12) km = 23 km, somewhat less than the anomalous diameter of the central 
pit. As the effective viscosity of material at a depth comparable to the diameter 
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of the pit may influence the flow as the pit is formed, it appears reasonable that 
the proximity of the asthenosphere influenced the growth of this anomalously 
large central pit. 
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ABSTRACT 
Analysis of the global distribution of craters and multiring structures on Cal-
listo reveals that the large multiring structures are concentrated in the leading 
hemisphere, whereas craters are depleted there. There is a slight increase in 
crater density toward the poles but no significant surface age dependence on 
latitude exists . Calculations of model crater retention ages based on a sample 
of 2000 craters ~ 30 km in diameter show that the mean age of Callisto's sur-
face is between 4.0 and 4 .2 Gy; some areas in the leading hemisphere are about 
300 MY younger than some areas in the trailing hemisphere. The model age of a 
given surface area is dependent upon the diameter of the craters counted; gen-
erally, larger craters yield ages that are younger than those derived from 
smaller craters. The interpretation of this is that larger craters are not 
retained from as early a period in time as were the smaller craters; this is in 
agreement with the results predicted by viscous relaxation theory where large 
wavelength features relax at a faster rate than do small wavelength features . 
Several proposed models that probably can explain the regional differences in 
crater densities and crate.r retention ages include: the disruption of the litho-
sphere by the formation of large multiring structures and palimpsests, the 
burial of pre-existing craters by heated ejecta deposits (thus increasing the rate 
at which they will viscously flatten) , the formation of a temporary 'hot spot" 
beneath a large impact structure, and the loss of craters resulting from the 
thermal effects induced by a veneer of insulating regolith. Most of the variations 
in the observed distribution of craters can be explained satisfactorily by the 
effects due to the formation of multiring structures , and on the production of 
an insulating regolith. 
9 1 
INTRODUCTION 
In 1979 Voyagers I and II encountered Callisto, the second largest of the 
Galilean satellites: relatively high resolution images were returned of much of its 
surface. The images revealed that Callisto's surface is heavily cratered, and that 
the craters are similar to craters observed on the Moon and Mercury, displaying 
raised rims , ejecta deposits and commonly bright rays (Passey and 
Shoemaker,1982; Smith et al., 1979ab) . By analogy with craters on the Moon, 
there is little doubt that the vast majority of craters on Callisto are either of 
primary or secondary impact origin. Despite the similarities, one important 
structural difference between the craters on Callisto and those on the Moon, is 
the presence of a rimmed central pit in essentially all craters larger than about 
40 km in diameter. In this paper, the global distribution of craters on the sur-
face of Callisto is analysed , and surface ages are inferred by utilizing the crater-
ing time scale proposed by Shoemaker and Wolfe (1982) . Specific processes that 
may have been responsible for the regional variation in crater density and sur-
face ages are also discussed. 
Several large multiring structures are also visible on Callisto; these features 
exhibit morphologies strikingly di!Ierent from the multiring basins on the Moon. 
Although the morphology of the multiple r ing structures on Callisto is remotely 
similar to those of lunar multiring basins , the centers of these structures are 
not currently occupied by a topographic basin surrounded by a raised rim; 
rather, the centers of the multiring structures on Callisto are often occupied by 
a circular high albedo feature, with little or no topographic expression. Despite 
the lack of a central basin, these features are inferred to be of impact origin 
(Smith et al., 1979a,1 979b; Passey and Shoemaker, 1982) . Other features that 
are found on Callisto (and Ganymede), and are assumed to be of impact origin, 
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~LE 1- Multiriug structures ou Callisto 
Outer i.i~ lDDer lling 
_!_Lat.1 Long.l Diameter2(km) Diameter2 (km) Name 
1 +11 57 4000 400 Valhalla 
2 +30 139 1640 163 Asgard 
3 -53 36 920 130 Unnamed 
4 +45 138 500 ? Unuamed 
5 
- 9 222 163 ·so Alfr 
6 
- 3 215 123 25 Loui 
7 +42 213 180 96 Grimr 
8 -41 262 71 35 Unuamed 
1 From u.s. Geological Survey Map 1-1239, 1979. 
2 All ~aouremeuta ·~ 10%. 
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are crater palimpsests - roughly circular spots with albedos slightly higher than 
the surrounding terrain (Smith et al. , 1979b); it should be noted that, by 
definition , a palimpsest does not retain any vestige of the original crater r im , 
and features with vestiges of the original crater are referred to as highly 
flattened craters, rather than as palimpsests . Palimpsests can be found in 
many locations on the surface of Callisto, and are interpreted to be the remnant 
scars of craters and basins that have flat t ened beyond recognition; the flatten-
ing apparently is due primarily to the viscous or plastic flow of material in the 
icy lithosphere of Callisto (Passey and Shoemaker, 1982) . 
DISTRIBUTION OF IMPACT FEATURES 
llultiring Structures 
The distribution of large multiring structures on Callisto is highly nonuni-
form (Figure 1) (Passey and Shoemaker, 1980). The four largest and apparently 
youngest structures, Valhalla , Asgard and two unnamed structures, are located 
in the leading hemisphere; these features range in outer diameter from about 
500 km to about 4000 km (Table I) ; the outer diameter is based on the outer-
most ring in the system. Several multiring structures can be found in the trail-
ing hemisphere, but all of these have outer diameters less than 200 km. (For 
descriptions of the morphology and possible formation mechanisms of these 
multiring structures, see Passey and Shoemaker, 1982; Melosh, 1982; McKinnon 
and Melosh, 1981 ; and Hale , 1981) . 
Because the orbital velocity of Callisto, of 8 .1 km sec-1, is 0 .45 times the rms 
encounter speed of impacting projectiles at Callisto's orbit (Shoemaker and 
Wolfe, 1982), the present cratering rate on Callisto is not globally uniform. The 
present flux of impacting bodies at Callisto's apex of orbital motion (0° N, 90° W) 
is "'5 times the flux at the antapex. Moreover, the rms impact velocity at the 
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apex is about twice the rms impact velocity at the antapex. Adopting a size 
index of -2 .2 for the craters produced (Shoemaker and Wolfe, 1982), yields a 
cratering rate at the apex about 10 times the cratering rate at the antapex. A 
similar large difference in cratering rate between apex and antapex of orbital 
motion is found for any source of impacting projectiles external to the Jovian 
system but bound to the sun. Hence, the observed asymmetric global distribu-
tion of the large multiring structures suggests that the impacting bodies that 
formed these structures were external to the Jovian system, and that Callisto 
has been tidally locked in its rotation from the period extending from, at least, 
the time of the formation of the large multiring structures. 
Craters 
Relatively high resolution images (better than 5 km/lp) were obtained for 
approximately 53% of the surface of Callisto . Although about 80% of the surface 
was imaged at somewhat lower resolution, only the highest resolution (better 
than 5 km / lp) coverage will be used for statistical purposes in this paper. From 
these high resolution images, position and diameter were determined for more 
than 2200 craters ~ 25 km in diameter; the latitude and longitude of each 
crater were obtained using the network of control points established by Davies 
and Katayama (1980). The survey is believed to be complete for crater diame-
ters~ 30 km for the 53% of the surface of Callisto imaged at high resolution. 
Figure 2 shows the observed local density of craters~ 30 km in diameter at a 
spatial resolution of 10° latitude by 10° longitude (except near the poles where 
the highest latitude bin include latitudes 60° - 90°). Large areas of relatively low 
crater density correspond to the large multiring structures, where the density 
of craters ~ 30 km in diarr.eter is less than 30 craters per 106 km2. The average 
number of craters per 10° bin is approximately 10. 
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Detailed analysis of the crater distribution on the largest multiring structure, 
Valhalla (Figure 3), reveals that the crater density on the region occupied by 
this structure is not radially uniform (Figure 4) The central region of Valhalla is 
occupied by a roughly circular palimpsest about 3aa km in radius (Passey and 
Shoemaker, 1982). The outer boundary of the palimpsest is interpreted to 
represent the outer limit of a continuous ejecta deposit surrounding a , now 
flattened, central basin; but the palimpsest may just represent the original 
basin. This is based on analysis of palimpsests and penepalimpsests on 
Ganymede (Passey and Shoemaker, 1982). The density of craters ~ 25 km in 
diameter is fairly uniform over the palimpsest at about 2a craters per 106 km2 ; 
beyond the central palimpsest, the crater density systematically increases until 
the outermost ring is reached, at a radial distance of about 18aa km. Beyond 
18aa km the crater density is more or less uniform at about 65 craters per 106 
km2 . 
Most areas of highest observed crater density on Callisto are located in the 
leading hemisphere and tend to be concentrated at high latitude. The observed 
latitudinal dependence (Figure 5) is undoubtedly influenced by the locations of 
the multiring structures. Excluding the multiring structures, the average crater 
density is slightly higher in the leading hemisphere than in the trailing hemi-
sphere. Figure S shows the distribution of craters as a function of distance 
from the apex. A marked low crater density less than sao from the apex is pri-
marily due to the locations of the Asgard and Valhalla multiring structures. 
Beyond sao from the apex, the density of craters ~ 3a km in diameter declines 
as the antapex is approached (18a0 from the apex) . A linear least squares fit to 
craters ~ sa km in diameter beyond, sao from the apex, yields 
98 
FIGURE 3 - Voyager I image of Valhalla, the largest multiring structure on 
Callisto . Note that the central region is occupied by a palimpsest "'600 km in 
diameter . 
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FIGURE 4 - Density of craters~ 25 km in diameter as a function of distance 
from the center of the Valhalla multiring structure. Note that the density is 
a p proximately a linear function of dis t ance in lhe region b etween about 300 km 
and 1800 km. The Valhalla palimpsest occupies the region < 300 km and the 
outer ring set s are located at about 1800 km from the center. 
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N(30) = -0.128 {3 + 57.2 (1) 
where N (30) is the number of craters ~ 30 km in diameter per 106 km2 , and {3 is 
the distance from the apex (in degrees), with a correlation coefficient r 2 of 0 .47 . 
For craters~ 40 km in diameter, the fit is 
N(40) = -0.1 36 {3 + 37.8 (2) 
with r 2 of 0 .72; for craters~ 50 km in diameter, the fit is 
N(50) = -0.056 {3 + 18.3 (3) 
with r 2 of 0 .46, and for craters~ 60 km in diameter, the fit is 
N (60) = -0.030 {3 + 8 .9 (4) 
with r 2 of .34. The observed decreasing gradient in crater density toward the 
antapex is much less steep than would be observed if the entire surface of Cal-
listo were of a single age , and if the cratering rate from apex to antapex varied 
according to the model of Shoemaker and Wolfe (1982) . The observed ratio of 
the crater density for craters~ 30 km in diameter, at {3 = 90° to that at {3 = 180° 
is 1.3 :1 ; the predicted ratio for a surface of globally uniform age is 5.3:1 (this 
assumes that the cratering rate at the apex is 9.6 times the cratering rate at 
the antapex). The slope, a, of the predicted distribution, for craters~ 30 km in 
d iameter , averaged over {3 = 60° to 180° is a (30) = -0 .45 , which is much steeper 
than the slope of -0.128 observed; the other average predicted slopes for the 
other crater diameters are a(~O) = -0.27, a(50) = -0.10, and a (60) = -0.050. 
These slopes are approximately twice the slopes observed in (2) , (3), and (4) , 
respectively. It i s important to note that the ratio of the cratering rate at the 
a pex to that at the antapex of 9.6:1 (Shoemaker and Wolfe, 1982) , refers to the 
present estimated fiux of impacting bodies. Assuming that the present fiux of 
impacting bodies is a good representation of the fiux 4 Gya, then the ratio of 
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FIGURE 5 - Latitudinal dependence of crater density on Callisto for various 
diameter samples (e.g . ~ 30 km, etc) . The drop in density at 30° to 5 0° latitude 
is primarily due to the location of the Valhalla and Asgard multiring structures. 
There appears to be a stgnificant increase in crater densities, at all diameters, 
but much of this m ay b e due to the location of the multiring structures, of low 
crater density. 
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FIGURE 6 - Distribution of crater densities as a function of angular distance 
from the apex of orbital motion (0° N, 90° W) . The decrease in density < 60° 
from the apex is clearly due to the locations of Valhalla and Asgard. Beyond 60°, 
there is a decrease in crater density toward the antapex. 
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9.6:1 should be valid for the observed crater record on Callisto . Based on this 
model. the oldest surfaces are found in the trailing hemisphere near the anta-
pex of orbital motion even though the crater densities at these locations are not 
necessarily the highest; the ages are the oldest because of the much lower model 
cratering rate near the antapex. The derived difference in the cratering rate at 
Callisto's apex versus the cratering rate at the antapex is based on the assump-
tion that 70.% of the impacting bodies are in long period comet orbits, and 30% 
are objects on short period comet orbits (Shoemaker and Wolfe, 1982). The 
minimum difference in the cratering rate at the antapex versus the antapex 
exists if it is assumed that all of the impacting bodies are in long period comet 
orbits (i.e. a h igher encounter velocity with Callisto) . For this case, the ratio of 
the cratering rate at the apex to the cratering rate at the antapex would be 
about 3:1 . 
DISTRIBUTION OF MODEL AGES 
If we accept the cratering model of Shoemaker and Wolfe ( 1982) , and assume 
that the ratio of the present cratering rate at the apex to that at the antapex, 
of 9 .6:1. can be extended back into the period of heavy bombardment, and if we 
assume that Callisto has been tidally locked throughout its preserved cratering 
history, then the crater densities shown in Figure 2 can be transformed to 
model surface ages . The distribution of determined model ages based on 
craters~ 30 km in diameter is shown in Figure 7. For the coverage shown in Fig-
ure 7, about 2% of the surface has model ages less than 3 .8 Gy, 26% is between 
3.8 and 4.0 Gy, 60% is between 4.0 and 4.2 Gy, and 13% is between 4 .2 and 4.4 Gy. 
From this model. the best estimate of the absolute ages of the Valhalla and 
Asgard multiring structures are 3 .96 ± 0 .12 Gy and 4.04 ± 0.14 Gy, respectively. 
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Using the limiting ratio for cratering rate at the apex versus that at the anta-
pex, of "'3:1 (for impacting bodies external to the Jovian system), the distribu-
tion of calculated model ages is shown in Figure B. For this model, 27% of the 
included coverage of Callisto's surface is between 3.8 and 4.0 Gy, 67% is between 
?.0 and 4 .2 Gy, and 6% is between 4.2 and 4.4 Gy, based on the density of craters 
~ 30 km in diameter. As is observed in Figure B, the age of Callisto's surface 
(excluding the large multiring structures) is more nearly globally uniform for 
this model but areas near the antapex are still slightly older. For this case 
(where the cratering rate at the apex is 3 times that at the antapex) the 
predicted ratio of crater density, for a globally uniform age surface, at (3 = 90° 
to that at {3 = 180° is 2 .0:1, in comparison with the observed ratio of 1.3:1. The 
predicted slope at averaged over (3 = 60° to 180°, for craters ~ 30 km in diame-
ter, is -0.229. This is still quite a bit steeper than the -0 .1 28 observed. 
On the other hand, if most of the impacting bodies were on short period 
comet orbits or were Jupiter planetesimals, the ratio of the cratering rate at the 
apex as compared to the cratering rate at the antapex would be much greater 
than 9.6 :1, and the difference between the model surface age at the apex to that 
at the antapex would increase. Thus, the observed distribution of craters is 
most easily explained if most of the impacting bodies were on long period orbits 
(assuming that Callisto has remained tidally locked and that the bodies are not 
internal to the Jovian system). 
CRATER RETENTMTY OF CAlLISTO'S UTHOSPHERE 
On Ganymede it has been observed that craters ~ 10 km in diameter are 
extremely flattened (Passey and Shoemaker, 1982); detailed studies of crater 
relaxation indicate that in order for these relatively small craters to collapse, 
steep viscosity and thermal gradients must have existed at one time (Passey and 
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Shoemaker, in preparation). Extending the derived thermal gradients into the 
interior of Ganymede suggests that, appro"imately 4 Gya, the mechanical crust 
or lithosphere was , possibly, 10 km thick . Based on this observation on 
Ganymede, it was proposed that the lithospb.ere of Callisto was, also, at one time 
early in its history, quite thin ( < 20 km thick) . Crater relaxation studies indi-
cate that a lithosphere < 20 km thick would be too thin to retain moderate sized 
craters (diameters ~ 20 krn) over geologic time; but the icy lithosphere would 
cool and thicken, with time, due to a reduction in heating from impact and 
radiogenic sources. Because the viscosity of ice is a strong function of tempera-
ture, with the viscosity decreasing exponentially with increasing temperature, 
the rate of crater flattening by viscous floW would also be reduced with time. 
With a decreasing thermal gradient in the lithosphere, at any given location, pro-
gressively larger craters could be retained against viscous collapse as time 
passed. 
When d iscussing the ages of the surfaces as dated from the spatial density of 
superposed impact craters, it is important to note the diameter range of the 
craters used in the age det ermination. Because small wavelength features (i.e. 
~ 10 km diameter craters) flatten viscouslY at a much slower rate than long 
wavelength features (i.e. craters~ 50 km diameter) , the ages derived from the 
smaller craters could be higher than the ages derived from the larger craters ; 
this would be the case if many of the oldest larger craters , that are the same 
age as the oldest smaller craters, have flattened beyond recognition and are not 
included in the crater counts and the age determinations . Thus crater size 
must be specified when discussing crater retention ages ; a crater retention age 
derived from cra ters ~ 25 km diameter could be greater than the crater reten-
tion age derived from craters~ 50 km in di<3.meter. 
lOB 
Size distribution of craters 
To obtain meaningful and comparable crater retention ages derived from 
populations of different diameter craters , one must know the size distribution of 
impacting bodies . From three independent calculations, (1) statistics of bright 
ray craters on Ganymede (Passey and Shoemaker, 1962), (2) the size distribu-
tion of present day Jupiter crossing comet nuclei (Shoemaker and Wolfe, 1962), 
and (3) the size distribution of craters on the grooved terrain on Ganymede 
(Shoemaker and Wolfe, 1962), it was found that the size distribution of impact-
ing objects from the present through "'3.8 Gya, to first order, follows a simple 
power law distribution with the exponential size index = -2.2. In that the origi-
nal crater topography of many of the largest impact craters has possibly 
flattened beyond recognition , as is the case for the palimpsests , it is not possible 
to unambiguously determine a size index for craters on surfaces that contain 
palimpsests (i.e. the heavily cratered terrains of Ganymede and Callisto) using 
the present day record of craters . On the other hand, there has not been 
significant, if any, loss of craters on the grooved terrain on Ganymede, and this 
terrain dates back to the late stages of heavy bombardment (Shoemaker et al. , 
1962) . 
lt should be noted here that Woronow and Strom (1981, 1962) suggest that 
the population of impacting bodies on Ganymede and Callisto is inherently 
devoid of large impactors and that craters have not relaxed completely away. 
They also argue that "as yet definitive examples of palimpsests analogous to 
those on Ganymede have not been found on Callisto" (Woronow and Strom, 
1981). Figure 9 show examples of palimpsests on Ganymede and analogous 
features on Callisto in similar resolution images. Although the palimpsests on 
Callisto are generally more diffuse and irregular than those of Ganymede, the 
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FIGURE 9 - Palimpsests on Ganymede and Callisto are shown here . On Cal-
listo several conspicuous high albedo patches, which are interpreted as 
palimpsests, are vis ible; these are marked in the accompanying sketch map. 
The image of Ganymede, at similar resolution, shows several palimpsests wi thin 
the Galileo Regio. The palimpsests on Callisto are generally more subdued than 
those on Ganymede, but nevertheless are present (FDS 1641 8.54, 2063 1.11 ) . 
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higher albedo patches are present. One easily recognized palimpsest on Callisto 
is the one located at the center of the Valhalla multiring structure (Figure 3) . 
Woronow and Strom (1981) have correctly shown that if one applies a lunar 
highlands-like size-frequency distribution of craters to Callisto and allows for 
the complete relaxation of some of the largest craters, one can match the 
observed size-frequency distribution of craters on Callisto, but the spatial distri-
bution of the preserved craters will be dissimilar to that observed. They con-
clude from this that the observed crater population on Callisto did not result 
directly from a lunar highlands crater size distribution. This is indeed the case; 
the size distribution of impacting bodies on the Galilean satellites is definitely 
not the same as for the lunar highlands. The observed cumulative size-
frequency distribution for craters that are less than 3.8 Gy old (i.e. those 
craters on the grooved terrain of Ganymede) is a power function with an 
exponential slope of -2.2 (Shoemaker et al. , 1982). The average exponent for the 
lunar highland size distribution used by Woronow and Strom (1981) in their 
analysis is much less than this, ("'-1.42 for craters 7 km to 112 km in diameter 
(Woronow, 1978)) ; it is not .surprising, therefore, that a lunar highlands size dis-
tribution cannot explain the observed spatial d istribution of craters on Callisto, 
even with the complete relaxation of some of the largest craters. The problem is 
to determine if a simple power law distribution with an exponential size index of 
-2 .2 can result in the observed spatial distribution of craters observed on Cal-
listo, if the oldest and largest craters of this distribution are allowed to flatten 
beyond recognition. It is important to note that there is considerable scatter in 
t he the densities of craters observed over Callisto's surface (Figures 2, 5 , and 
6) , and that some of this scatter is possibly due to regions where craters have 
been lost (as is probable in the region surrounding the Valhalla multiring struc-
111 
ture) . 
Without detailed modelling of the spatial distribution of craters, as was done 
by Woronow and Strom (1981), it is difficult to make any definite statements, 
from the observed distribution of crater sizes , about what the size distribution 
of impacting objects was prior to "'3.8 Gya, if it is accepted that many of the old-
est large craters have flattened beyond recognition. Extending the observed size 
distribution for the craters on the grooved terrain of Ganymede (and for the 
bright ray craters) backward in time is probably the best estimate without pro-
posing an ad hac size d istribution for the earlier impacting bodies . In this 
paper it will be assumed that the size index of -2.2 can be extended back to 
include all of the preserved cratering record . This assumption allows for the 
direct comparison of retention ages for craters of various diameters . This, in 
turn, provides a method for estimating the amount of time it takes a given 
dia meter crater to flatten beyond recognition. 
Crater retention for varioWI diameter crater populations 
The calculated model ages from various diameter crater populations as a 
function of distance from .the apex (p) are shown in Figures 10 and 11. These 
figures were constructed assuming that the ratio of the cratering rate at the 
apex versus the cratering rate at the antapex is 9.6 :1 . As the diameter of the 
smallest crater in a given crater population increases (e.g. ~ 30 krn versus ~50 
km) , the corresponding crater retention age generally decreases. Again, these 
ages refer to the age at which the surface began retaining craters, of a given 
d iameter range, to the present . For the lithosphere near the antapex, the model 
crater retention age based on craters with d iameters ~ 10 km is 4.4 Gy; the 
model crater retention age determined from craters ~ 30 km in diameter is 4 .3 
Gy, 4.2 Gy for craters ~ 70 km in diameter and 4. 1 Gy for craters~ 100 km in 
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diameter. Near the apex, the crater retention ages based on craters with diame-
ters ::?! 30 km is 4 .00 Gy, 3 .95 for craters ::?! 70 km in diameter and 3.90 Gy for 
craters ::?! 100 km in diameter. The model ages suggest that the lithosphere of 
Callisto could support craters~ 30 km in diameter approximately 300 My earlier 
near the antapex than near the apex; for craters ~ 100 km in diameter, the 
difference in the crater retention ages between the apex and antapex is approxi-
mately 200 My. This implies that although the cooling of the lithosphere was 
delayed at the apex , when it did cool enough to retain craters , it cooled and 
thickened at a more rapid rate than at the antapex. Probably by "'3.7 Gy, the 
properties of the lithosphere of Callisto were more nearly globally uniform. 
From this time forward, craters in excess of about 200 km in diameter should 
still be recognizable: but, none have formed since that time. Note that at 
around 4. 0 Gy the lithosphere in the leading hemisphere ((3< 90°) would not 
retain craters~ 100 km in diameter as is indicated by 100 km crater retention 
ages of less than 4 .0 Gy: this is the approximate time of the formation of the 
Valhalla multiring structure (basin diameter > 300 km) and none of the original 
topography of the central basin remains . If an impact of this magnitude 
occurred after about 3 .7 Gya, at least remnants of the original basin relief prob-
ably would be preserved today. For comparison, the "'550 km diameter Gil-
gamesh basin on Ganymede is approximately 3 .5 Gy old, and it has retained 
much of its original topographic relief (Shoemaker et al. , 1982) . 
Although there is an observed increase in crater density toward the poles 
(Figure 5), most of this effect is a result of including the regions occupied by the 
multiring structures, of low crater density. In order to study any latitudinal 
dependence of crater density not related to the crater depleted multiring struc-
tures , it is necessary to look at regions well away from the Valhalla and Asgard 
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structures. Ideally it would be best to look at regions at the poles and compare 
them to regions near the equator, but both of the polar regions are "'goo from 
the apex of orbital motion (p=gQ0 ) , and the corresponding equatorial regions at 
p = goo, for which high resolution coverage exists, is well within the region occu-
pied by the Valhalla structure, and will be depleted in crater density. Thus , in 
order to look at latitudinal age variations , it is necessary to compare areas (at a 
given p) that do not include the extreme polar regions, with areas (at the same 
p) but located at equatorial latitudes. For this , regions that are 1S0° ( 120° to 
140°) from the apex were chosen because these regions are well beyond the 
effects of the multiring structures (Figure 12) ; the ages of the surface between 
0° to S0° latitude are not significantly different than the ages of the surface 
between S0° to S0° latitude, except for craters~ 100 kmin diameter, and even 
for these craters the difference is not very significant. Crater retention ages of 
surfaces S0° to goo latitude are not shown because no surface with p = 1S0° 
exists at latitudes higher than "'S0° latitude. Areas with values of p less than "' 
1S0° from the apex will all be influenced by the Valhalla multiring structure at 
low latitudes, and areas with p greater than"' 1S0° from the apex, have a smaller 
possible range in latitude covered. 
POSSIBLE CRATER REMOVING MECHANISMS 
It has been shown that Callisto's surface, which is made up of only one major 
type of terrain (in contrast to Ganymede which has at least two significantly 
different types of terrain), has a great diversity in both crater density and model 
crater retention ages. Possible explanations for the observed regional varia-
tions in crater density and model age include ( 1) regional variation in the cool-
ing h istory of the lithosphere, (2) the formation of large multiring structures 
and palimpsests that locally reduce the crater density by smothering craters 
117 
beneath ejecta, or by introducing possible temporary thermal perturbations in 
the lithosphere, and (3) the thermal effects of an insulating regolith. Each of 
these will be discussed in detail in the following sections in light of the data that 
have been already presented. 
Fonnation of large multiring structures 
Large multiring structures result in the lowering of the local crater density 
over a region much larger than is occupied by the basin and its ejecta deposit 
(i.e. the central palimpsest). Even though the entire structure is, presumably, 
of a single age, some mechanism has resulted in a variation in crater density, of 
a factor of three, from the center of this structure to its outer ring sets . Secon-
dary cratering cannot directly explain this phenomenon because, as is found 
with craters on the Moon. the number of secondary craters falls off with increas-
ing distance from the center of the primary crater (Shoemaker, 1962); the oppo-
site of what is observed. 
Basin and continuous ejecta deposit 
Assuming that the Valhalla multiring structure is the result of a very large 
impact, a large topographic basin must have been present, at one time, at its 
center; any pre-existing craters immediately beneath the impact would be obli-
terated during the basin excavation stage. Huge amounts of lithospheric 
material would be thrown out, and much of this would fall back as an ejecta 
deposit, just beyond the basin rim. Any pre-existing craters in the region of the 
continuous ejecta deposit would probably be completely burried by this deposit. 
If the Valhalla palimpsest represents the region occupied by both the original 
basin and its continuous ejecta deposit, then any visible evidence for pre-
existing craters in this region shouJ.d have been completely destroyed or bur-
ried. The observation that the lowest crater densities are found near the center 
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of the Valhalla structure and on the central palimpsest (Figure 4), supports the 
idea that these craters represent post-Valhalla impacts, and that any pre-
Valhalla impact craters have been destroyed or burried. This mechanism ade-
quately explains the observed low density of craters near the center of the 
Valhalla structure, but fails to explain the gradational increase in crater density 
·with increasing radial distance from the center out to "'1800 km. 
Thermal perturbations induced by large impacts 
Because the viscosity of water ice (presumably the predominant material in 
the lithosphere of Callisto) is a strong function of temperature, and because 
viscous relaxation of crater relief has probably played an important role in the 
surface evolution of Callisto , the thermal effects induced by large impacts will 
now be studied in an attempt to explain the observed distribution of craters 
over the Valhalla structure. 
Most of the lithospheric material excavated during the formation of the 
Valhalla basin was probably shock heated. The deposition of this heated 
materia l on the surface would result in the raising of the temperature and the 
resulting lower effective viscosity at the top of the underlying lithosphere, until 
the temperature of the ej ecta equilibrated with that of the surrounding terrain . 
If it is assumed that the heated ejecta is "' 1 km thick and that the mean tem-
perature of the ejecta is "'30K warmer than the underlying lithosphere, then the 
cooling of the ejecta deposit and of the underlying material can be calculated 
(Jaeger, 1961). The history of the temperature profile in a heated ejecta deposit 
and underlying bedrock is shown in Figure 13: this figure was constructed 
assuming that the thermal d iffusivity for ice is 0 .0 11 5 cm2 sec-1 (Carslaw and 
Jaeger, 1959), and that the free surface, at D=O, was maintained at ~T=O, where 
D is the depth below the top of the ejecta deposit, and D. T is the temperature 
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FIGURE 14 - Schematic diagram of how the formation of an impact basin 
the size of Valhalla might have resulted in the formation of a temporary "hot 
spot ". (a) For this figure it is assumed that the thermal gradient was ""1 K/km; 
the values of the isotherms would be doubled if the thermal gradient were 2 
K/km; (b) an original basin 200 km in diameter would have a transient cavity 
approximately 40 km deep ; (c) the b asin would immediately collapse from the 
transient cavity stage and the diameter would be enlarged by the collapse of the 
basin walls (new diameter assumed to be ""300 km). This rapid collapse would 
result in the bowing up of the isotherms directly beneath the basin and the pro-
duction of a temporary 'hot spot". (d) After a given time, the 'hot spot " would 
cool by heat loss at the top of the lithosphere, thus approaching t he thermal 
conditions in the lithosphere that existed prior to the impact. 
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difference above the equilibrium temperature (i.e. the temperature due to inso-
lation) . For this example, it would take "'275,000 years before the ejecta blanket 
would cool to near the equilibration temperature 6 T = 0 . The top "'2 km of the 
underlying lithosphere would experience a temperature increase of between 3 
and 10 K, that would last approximately 105 years. Using an average 6 T of 5K 
would result in a lowering of the viscosity at the top of the icy lithosphere of 
approximately one order of magnitude. This, in turn, would result in an 
increase in the rate of topographic relaxation of pre-existing craters beneath 
the ejecta, of "'10 times during the 105 year period, until the ejecta temperature 
reaches equilibrium. Thus, any craters covered by the ejecta that were not com-
pletely burried, would tend to disappear by relatively rapid viscous relaxation of 
topography. This mechanism would be most effective near the center of the 
Valhalla structure within the region of the central palimpsest. 
Examination of the lateral (radially outward) heating resulting from the 
emplacement of a warm ejecta deposit , that is "' 1 km thick, indicates that this 
mechanism is insufficient to result in significant heating of the surrounding ter-
rain to affect the rate of relaxation of any craters beyond beyond the edge of 
the continuous ejecta deposit (palimpsest). 
Possibly the Valhalla impact resulted in the formation of a temporary 'hot 
spot" in Callisto's lithosphere, as is illustrated in Figure 14. Because no topo-
graphic basin is currently preserved at the center of the Valhalla, it is plausible 
to imagine that very soon after the transient cavity was formed , it immediately 
collapsed to near its present state. The collapse may have taken much longer, 
but if most of the collapse occurred within a few thousand years after forma-
tion , the collapse would result in the temporary updoming of the isotherms (as 
shown in Figure 14c); this is because a few thousand years is a much shorter 
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time period than is required for the raised isotherms to equilibrate. If the 
material within the transient cavity was substantially shock heated, as it must 
have been, then the upbowing of the isotherms would be enhanced. In either 
case, relatively warm ice would be located near the surface until the lithosphere 
could equilibrate. 
To see if the upbowing of the isotherms can result in a significant reduction 
in the density of craters on Valhalla , the following thermal model will be studied. 
As a limiting case, the upbowed isotherms will be modelled as a vertical cylinder 
(Lovering , 1935: Mundry, 1968) : for this limiting case we will look only at the one 
dimensional lateral heating and ignore the heat loss through radiation at the 
surface and by convection at the base of the lithosphere (i.e. an infinite hot 
column)(Figure 15). Assuming that this column has an initial temperature 40K 
above the surrounding lithosphere (in agreement with Figure 14c) , and that the 
diameter is 200 km (corresponding to a original basin diameter of "'400 km), 
then by "'300 My, the lithosphere, out to a distance of "'250 km from the center 
(i. e . within the the current palimpsest) , would experience a temperature 
increase of about 1 OK. The lithosphere beyond about 300 km from the center of 
t h e original impact basin (beyond the palimpsest) would be relatively 
unaffected. If it is assumed that the Valhalla palimpsest ("' 600 km diameter) 
represents the original basin then the region affected by the upbowing of the 
isotherms would be within about 900 km from the center of the basin, but the 
time scale for cooling would be much longer (i.e . by a factor of 9) . Thus, even 
though this mechanism can affect regions beyond the original basin and ejecta 
deposit, it fails to affect regions out to "'1800 km from the center, as is observed 
in the crater densities (Figure 4); the efficacy of this model would be severely 
reduced if surface radio.tion and convection 'ivithin an asthenosphere were 
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included. 
A possible deep subsurface effect that might be more significant would be the 
lateral transport of heat by convection in the asthenosphere beneath a hot spot 
formed at the time of the Valhalla impact. If a permanent hot spot were esta-
blished in the lithosphere above a convection plume, by whatever mechanism, 
then the thermal gradient in the entire region surrounding the hot spot would 
be increased. If the rate of the convection were slow in comparison to the rate 
of heat conduction to the surface, then the lateral heating away from a concen-
trated hot spot would not be significant over radial distances much greater than 
the thickness of the conducting plate (lithosphere); for Callisto, the thickness of 
the lithosphere at the time Valhalla formed has been estimated to be between 20 
and 50 km thick (McKinnon and Melosh, 1980), and, thus. the radial conduction 
of heat away from the hot spot would be effective over a region approximately 50 
to 1 DO km from the edge of the hot spot. If, on the other hand, the rate of 
asthenospheric convection was fast in comparison to the rate of heat conduc-
tion to the surface, then the size of the hot spot would be larger because of the 
spreading out of the plume at the base of the lithosphere, but the thermal gra-
dient in the hot spot would be less than for a smaller hot spot in order to con-
serve the net heat flux from the deep interior; so the effective lateral heating 
could be approximately the same as for the concentrated hot spot. In either 
case, the magnitude of the radial heating is probably too low by an order of 
magnitude to explain the apparent loss of craters at a radial distance of about 
1800 km from the center of Valhalla. 
Formation of a regolith 
Another very important by-product of both primary and secondary cratering 
is the production of a regolith (Shoemaker et al, 1982). The effect of an 
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FIGURE 16 - The frequency distribution of secondary craters , beyond the 
Valhalla palimpsest, is shown by the +'s (refer to the right hand scale), modeled 
after that found around the lunar crater Copernicus (Shoemaker , 1962) . If it is 
assumed that the thickness of lhe regolith produced by the secondaries is pro-
portional to the spatial density of secondary craters, then the regolith thick-
ness , beyond the Valhalla palimpsest , as a function of distance is illustrated by 
the heavy solid line {refer to the right hand scale) ; also shown by the open cir-
cles are the data for lhe d istribution of craters within the region occupied by 
Lhe Valhalla multiring structure (refer to the left hand scale) (see Figure 4) . 
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insulating regolith on the rate of crater relaxation is much like that of the 
emplacement of warm ejecta deposits except that the net effect is more endur-
ing . The physical and thermal properties of an icy regolith probably are similar 
to those of the silicate regolith found on the Moon (Shoemaker et al., 1982) ; if 
so , then the thermal conductivity of the icy regolith probably is several orders 
of magnitude less than for the solid icy lithosphere. Heat flow measurements 
·within the lunar regolith, done during the Apollo 15 and 17 missions, indicate 
that the regolith conductivity is between 1.5 x 10-4 and 3 x 10-4 W cm-1 K-1 
(Langseth, Keihm, and Chute, 1973) . These values are approximately 2 to 3 ord-
ers of magnitude less than for solid rock. The thermal gradient in the regolith 
must be inversely proportional to the conductivities K under conditions of 
equilibrium heat flow , (e .g . if K(Lithosphere)/K(Regolith) = 103 , a thermal gra-
dient of 1 K/km in the lithosphere would correspond to a thermal gradient of "" 
1000 K/km in the regolith) . If the thermal gradient on Callisto ""4.0 billion years 
ago was several degrees per km in the lithosphere, a regolith a few meters thick 
will result in a rise in temperature from the top to the base of the regolith of, 
possibly, several tens of degrees , depending on the thickness of the regolith. 
:W.:oreover, this rise in temperature at the top of the subsurface solid lithosphere 
will lower the viscosity at that point as much as two orders of magnitude from 
what it would be if no regolith was present (Passey and Shoemaker, in prepara-
tion). This will result in a much more rapid rate of flattening of craters than 
would be predicted if no regolith layer were present. 
An attempt to quantify the effect of a regolith layer in explaining the 
observed distribution of crater densities on the Valhalla multiring structure 
(Figure 4) follows . The basic assumptions used here include ( 1) the thickness of 
the regolith is proportional to the spatial density of secondary craters, (2) the 
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distribution of secondary craters surrounding the Valhalla palimpsest is similar 
to that surrounding lunar craters, (3) the density distribution of pre-Valhalla 
craters within the region now occupied by the Valhalla multiring structure was 
uniform. and (4) the spatial density of post-Valhalla craters is uniform over this 
structure and the density is the same as observed on the Valhalla palimpsest. 
Modelling the frequency distribution of secondary craters around the Valhalla 
palimpsest (> 300 km from the center of the structure) after that observed 
beyond the continuous ejecta deposit of Copernicus, on the Moon (Shoemaker , 
1962) results in the pattern shown by the crosses ( +) in Figure 16 . Correcting 
the secondary crater frequency to a spatial crater density, and assuming that 
the mean thickness of the freshly formed regolith, averaged over the area 
covered, is proportional to the crater density, the predicted new regolith thick-
ness as a function of range from the Valhalla palimpsest is shown by the heavy 
solid line in Figure 16. From the original basin rim to about 300 km from the 
center, the region was buried completely by a warmed ejecta deposit and is 
shown by the shaded region . Beyond the continuous ejecta blanket, secondary 
cra ters are always distr ibt:I-ted in rays . The rays cover progressively less surface 
area as distance from the crater or basin increases; hence , although the mean 
thickness of t he new regolith decreases, the actual thickness does not change 
much, but the proportion of the surface covered goes down. Because the data 
presented in Figure 4 are averaged over relatively large annuli within the 
Valhalla structure, the spatial resolution is not sufficient to resolve the rays and 
secondary craters ; so, even though the actual thickness of the new regolith 
remains about the same, because of the decreasing area covered by the new 
regolith, the problem will be treated here a s if the effective thickness of the 
regolith decreases with increasing radial distance (as shown by the heavy solid 
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Une in Figure 16). 
In order to measure any quantitative effect of an insulating regolith, we must 
determine the thermal properties of such a regolith. Studies of the thermal 
inertia of the surface of Callisto and Ganymede {Hansen, 1973; Morrison and 
Cruikshank, 1973) reveal that the uppermost surface layer has an extremely low 
thermal inertia. This layer has been interpreted as consisting of loosely stacked 
fine particulate material. Calculations of the conductivity K of this uppermost 
layer by Hansen ( 1973) indicate a value of 4 J.J-W em -I K-1; using K = 2 to 4 x 10-2 
W cm- 1 K- 1 for solid ice (Carslaw and Jaeger, 1959) , the ratio of the conductivity 
of the uppermost regolith, K(R) to that of the lithosphere, K(L), is approximately 
10-4 :1. 
As is discussed in Shoemaker et al. ( 1982) , it is reasonable to expect that the 
conductivity of an icy regolith increases with depth, owing to decrease of pore 
space, increase in density, and cementation of grains . The increase of conduc-
tivity with depth was observed in the case of lunar regolith (Langseth et al. , 
1973) . The measured conductivity of the lunar regolith is several orders of mag-
nitude less than for bedrock, and this difference in thermal conduction probably 
exists even near the base of the regolith; this is probably not the case with an 
icy regolith, however. Shoemaker et al. (1982) have pointed out that the sur-
vival of many craters on Ganymede at equatorial latitudes precludes a regolith 
that is similar to the lunar regolith in all respects; this is because a very thick 
regolith at equatorial latitudes would produce a temperature offset across a 
regolith that would result in the lowering of the effective viscosity of the near 
surface lithosphere to the degree that no craters > 10 km in diameter would be 
preserved against complete relaxation by viscous fiow in the lithosphere. They 
suggest that the depth to the base of the effective regolith is controlled by an 
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isotherm rather than the depth to the ungardened bedrock. Where the tem-
perature at the base of a regolith layer exceeds this threshold temperature, the 
ice would tend to sublime near the base and be redeposited at higher cooler lev-
els . Thus, the thickness of an insulating regolith could be controlled by this pro-
cess of thermal annealing (Morrison and Cruikshank, 1973), with the thermal 
conductivity of the annealed regolith being essentially that of the ungardened 
lithosphere or bedrock. The deeper annealed regolith then becomes 'bedrock". 
Shoemaker et al. ( 1982) suggest that the annealing temperature for an icy rego-
lith is "" 130 K; this in accordance with analysis of the transport of water vapor 
as a function of temperature by Purves and Pilcher ( 1980) and Squyres (1980) . 
For the regolith model considered here, it is assumed that a regolith exists on 
the lithosphere at the time of the formation of Valhalla; this pre-Valhalla r ego-
lit h will be assumed to be thick enough to be thermally annealed at the bas e . A 
s imple two layer model for the pre-Valhalla regolith will be used here; the top 
layer is assumed to have a conductivity 10-4 that of polycrystalline ice, in agree-
ment with thermal inertia measurement of Ganymede by Hansen (1973) , and 
the lower layer is assumed to have a conductivity 2 x 10-3 that of solid ice. The 
temperature offset D. T across the regolith can be expressed as 
(5) 
where h is the total thickness of the unannealed regolith, hv. is the thickness of 
the upper layer , and 6T 16Z is the thermal gradient in the lithosphere at the 
time of the formation of Valhalla; from studies of the relaxation of craters on 
Callisto, the value for oT I 6Z is "'2 K/ km (Passey and Shoemaker, in prepara-
tion). 
Two possible cases for the thickness and D. T across the pre-Valhalla regolith 
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exist. For the first case (Case 1), the regolith is assumed to be thermally 
annealed at a depth corresponding to the 130K isotherm when Valhalla formed; 
thus 
6T =(Annealing temperature)- (Surface temperature)= 130-120 = 10K 
Using 6T loZ = 2 K/km, the thickness h would be "'6 meters. For the second 
case (Case 2), the regolith is assumed to be thermally annealed at a depth that 
corresponded to the 130K isotherm when oT loZ was much higher at a time in 
the past than at formation of Valhalla (i.e. a fossil isotherm) ; for this case, the 
temperature offset across the regolith (6 T) would probably be between 2.5 and 
10 K. the lower limit is based on a thermal gradient of "'5 K/km with only the 
top (0.5 meter thick) layer of the regolith preserved. For case 2, the total thick-
ness h of the pre-Valhalla regolith is from 0 .5 to 6 meters . 
We now need to consider what effect the formation of a new regolith on a pre-
existing regolith would have on the temperature at the top of the lithosphere . If 
we assume that the effective thickness of the new regolith , formed by Valhalla 
secondaries, thins with increasing distance from the center of Valhalla (Figure 
16), then the additional temperature offset across the new regolith 6 TNEW will 
also decrease with increasing distance . Assuming that the new regolith can be 
approximated by a two layer model, it is possible to estimate the additional tem-
perature offset. The formation of the new regolith will involve the mixing up of, 
at least the top layer, of the pre-Valhalla regolith, and assuming that the thick-
ness of the top low thermal conductivity layer remains constant, the formation 
of a new regolith on a pre-existing one can be simply modelled as an increase in 
thickness of the lower layer; this increase will be designated as 6h . If the 
increase in regolith thickness 6h , due to secondary cratering from Valhalla, is "' 
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20 meters, then this corresponds to D. TNEW = 20K, using oT loZ = 2 K/km; simi-
larly D.h = 5 meters would correspond to D. TNEW = 5K. 
Using the mean regolith thickness averaged over the area covered, the addi-
tional temperature offset across the new regolith D. TNEf • as a function of dis-
tance, follows the heavy solid line in Figure 16; using D.h = 20 meters. the tem-
perature offset D. TNEW across the new regolith over the Valhalla structure is 
shown in Figure 17, in addition to the corresponding change in viscosity at the 
top of the lithosphere (based on a temperature viscosity relationship discussed 
in Passey and Shoemaker, in preparation). Although the additional temperature 
offset at a distance of "' 1000 km from the center of Valhalla is only a few 
degrees K. because of the exponential dependence of the viscosity on tempera-
ture, the mean change in viscosity at the top of the lithosphere can be 
significant at that distance. By lowering the viscosity at the top of the litho-
sphere by a factor of 10, the rate of crater flattening will also increase by a fac-
tor of 10 . Thus, the observed decrease in crater density with increasing distance 
from the center of Valhalla might reflect the nonuniform loss of craters , by rela-
t ively rapid viscous relaxation; craters near the outer edge of this structure ("' 
1 BOO km from the center) do not have a significant offset in temperature and, 
thus, craters located here will not relax as rapidly. 
For the case of the pre-Valhalla regolith annealed at a depth corresponding 
to the 130K isotherm (case 1) , there will be a race against time to collapse the 
craters before the regolith is thermally reequilibrated by reannealing (Figure 
19) . the effectiveness of the crater relaxation mechanism in explaining the dis-
tribution of craters on Valhalla , will depend on the rate of crater relaxation 
versus the rate of regolith annealing. For the case of the annealed ''fossil" isoth-
erm (case 2), the production of the new regolith will, again, temporarily raise 
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the temperature at the top of the lithosphere by a given amount, but in this 
case, the final equilibration temperature at the top of the lithosphere could be 
higher than it was before the formation of Valhalla; thus, the craters within this 
region will continue to flatten at rates considerably in excess of the rates before 
Valhalla was formed (Figure 18) . 
If the viscous relaxation of craters within the Valhalla structure has been 
important, it would be expected than this effect should show up in selective 
erasure of the larger pre-Valhalla craters. It is observed that the craters in this 
region have a steeper cumulative size index than do craters on Ganymede' s 
grooved terrain (-2 .6 compared to -2.2 for the grooved terrain) ; this indicates a 
possible loss of some of the larger craters , but it is difficult to assess the loss of 
large craters as compared to the preservation of small craters near the center 
of this structure because the regions near the center are near the subsolar 
point, and small craters (~ 15 km) are difficult to identify. 
It is, therefore, proposed that the observed decrease in crater density toward 
the center of the Valhalla structure might be a result of the flattening of 
craters, by viscous relaxation of topography, to a point where the relief is too 
low for recognition. Most of the loss of craters , however, should occur within "" 
1000 km from the center of Valhalla. Regions of local flooding, described by 
Remsberg (1981), could also substantially lower the crater density on Valhalla 
(possibly by"' 10% to "'30%); this is because the regions of flooding are primarily 
located between "' 500 and "' 1500 km from the center of Valhalla, and the 
flooded zones occupy between 10 and 30 percent of this area. Thus, the 
decrease in craters within Valhalla probably reflects ( 1) mechanical obliteration 
beneath the original basin, (2) burial beneath the continuous ejecta deposit . (3) 
viscous relaxation of craters beneath a newly formed insulating regolith. and ( 4) 
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the flooding of regions adjacent to the ring scarps. 
As is discussed by Shoemaker et al. ( 1982) the regolith on the leading hemi-
sphere of Ganymede would be thicker at any given time than that on the trailing 
hemisphere because of the higher production of primary craters and resultant 
higher rate of regolith production; this would also probably be true for Callisto. 
This implies that if the heat flow is globally uniform, then at any given time and 
latitude, the temperature at the top of the lithosphere could be higher in the 
leading hemisphere, and thus the viscosity lower, than at a corresponding lati-
tude on the trailing hemisphere. If there is already an equilibrium regolith, the 
effect depends on the rate of regolith buildup on newly formed craters. This 
tends to make the rate of crater loss proportional to crater production, and 
would result in a more nearly uniform crater retention over different longitudes, 
so long as the thermal gradient is high enough; but there should be significant 
latitude dependence. This effect could result in the rough global distribution of 
model ages for Callisto's surface shown in Figures 7 and 8 where the crater 
retention ages of leading hemisphere are maintained younger by more rapid 
flattening and loss of cra.ters in a lithosphere that is warmer as a result of a 
thicker insulating regolith. 
SUMMARY AND CONCULSIONS 
From the analysis of over 2200 craters ~ 25 km in diameter, it is revealed 
that the surface of Callisto is not uniformly cratered. In the leading hemi-
sphere , there is a concentration of the large multiring structures, as well as an 
overall depletion of craters; the depletion of craters is primarily due to the loca-
tions of the multiring structures which are relatively young and, thus, have low 
densities of superposed craters. The highest crater densities, however, are 
found in the leading hemisphere, but in regions not covered by the multiring 
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structures. 
Application of a cratering model proposed by Shoemaker and Wolfe (1982) to 
the derived crater densities. suggests that the age of most of Callisto's surface is 
between 4.0 and 4.2 Gy. The large multiring structures are among the youngest 
features with ages ranging from 3 .9 to 4.1 Gy; the oldest areas of Callisto's sur-
face, based on statistics of craters~ 30 km in diameter , are between 4.2 and 4.4 
Gy. and are located near the antapex of orbital motion. 
The distribution of crater densities and model ages of surface regions on Cal-
listo can be explained. primarily by two mechanisms: (1) the effects resulting 
from the formation of multiring structures (this exists regardless of the cause), 
and, (2) independently, the general production of an insulating regolith will have 
a global effect resulting in t he faster relaxation of craters in the leading hemi-
sphere . The other mecha n isms discussed in this paper can be accounted for 
within mechanism (1) . 
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ABSTRACT 
About 1000 topographic profiles of craters on Ganymede and Callisto were 
obtained by photoclinometry. Fresh craters on Ganymede and Callisto have 
depth-to-diameter ratios and rim height-to-diameter ratios similar to those of 
fresh lunar craters. :V.ost craters on these planet-like bodies, however, are much 
shallower than fresh craters on the Moon of similar size. The floors of many 
craters. moreover, are bowed-up in the center, indicative of viscous relaxation in 
a medium where the effective viscosity is uniform or decreases with depth. 
Small craters have not flattened or relaxed as much as have large craters; com-
parison of the crater profiles with the results from calculation of crater relaxa-
tion in a viscous medium allows determination of the viscosity at the surfaces of 
Ganymede and Callisto, and also determination of the viscosity gradient with 
depth. The derived mean surface viscosity for the lithospheres of Ganymede 
and Callisto is 1.0 ± 0.5 x 1026 poise. Combining the statistics for craters exhi-
biting various states of relaxation, with a proposed cratering time scale, the 
time depen dence of the viscosity gradient is obtained. The viscosity gradients 
can then b e converted, by .means of a model for the physical properties of ice, to 
thermal gradients, the time dependence of which is also known. For Ganymede, 
the estimated thermal gradient at "'3.9 Gya was~ 8 K/ km; the thermal gradient 
can be modelled as decreasing approximately exponentially with time, with an e-
folding lime of about 108 years ; the estimated present thermal gradient is ~ 2 .0 
K l km . For Callisto, the thermal gradient was ~ 3 K/km at "'4.1 GYA and the 
decre ase in the thermal gradient can be modelled as an exponential dropoff with 
an e-folding time between about 5 x 107 and 2 x 108 years ; the estimated present 
thermal gradient on Callisto is ~ 1.5 K/ km. 
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INTRODUCTION 
Prior t o the Voyager I and II spacecraft encounter s with Ganymede and Cal-
listo, there was considerable speculation about their surface appearance. It had 
been suggested that the lithospheres of these two planet-like bodies were com-
posed chiefly of ice and that the topographic relief would be subdued because of 
ftow of lhe ice (Johnson and McGetchin, 1973; Parmentier and Head, 1979). The 
first high resolution images revealed that the surfaces of both Ganymede and 
Callisto are heavily cratered; certain features of the craters are similar to 
features of lunar craters but most craters are much shallower than lunar 
craters of similar size (Smith et al. , 1979a) ; also , in contrast to craters on the 
~:oon, most craters larger than about 20 km in diameter exhibit a well defined 
central pit (Passey and Shoemaker, : 982). 
Callisto·s surface consists almost entirely of heavily cratered terrain with a 
lower albedo than is found on most other icy satellites . Ganymede's surface, on 
the other hand, is divided into two very distinct types of terrain, a relatively low 
albedo heavily cratered terrain, and younger higher albedo grooved and smooth 
terrains that transect the dark heavily cratered terrain. The average spatial 
density of craters on the grooved and smooth terrain, here referred to simply as 
grooved terrain, is much less than on the dark heavily cratered terrain. Large 
circular to irregular spots with slightly higher albedo than the surrounding su r -
face occur on the dark cratered terrains of both Ganymede and Callisto; these 
spots, termed palimpsests, are interpreted as the remnant rim and floor depo-
sits of ancient craters where the original topography of the craters has long 
since flattened away either by prompt collapse or by viscous flow or creep 
(Smith et al., 1979b). Other features that appear to be transitional in topo-
graphic expression between a crater and a palimpsest are found on Ganyrn.eda 
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and have been termed penepalimpsests (almost palimpsests) (Passey and 
Shoemaker, 1982) . 
Topographic profiles of craters on Ganymede, obtained by photoclinometric 
methods, reveal that not only are many craters shallower than lunar craters of 
similar size, but that a majority of the craters also display a bowed-up floor 
(3hoemaker and Passey, 1979; Passey and Shoemaker, 1982). The bowing up of 
the crater floor is indicative of viscous relaxation of a crater in a medium of 
constant viscosity (Danes , 1962, 1965) or in a medium where viscosity decreases 
with depth (Parmentier and Head, 198 1) . 
In order to study the topographic relaxation, about 1000 photoclinometric 
profiles were obtained of craters on Ganymede and Callisto. It is possible to 
quantify the viscous behavior of the icy lithospheres of Ganymede and Callisto 
from the statistics of the crater profiles by means of the theory for crater relax-
ation in a viscous medium. First we will present statistics on maximum depth-
to-diameter :ratios , rim heights , and degree of relaxation and/or bowing up of 
the crater floor. Next we calculate various models of crater relaxation with the 
aid of a proposed cratering time scale and the time dependent viscous behavior 
of the lithospheres is derived for Ganymede and Callisto by comparison of the 
statistics of the observed degree of relaxation with the results from the theoret-
ical models . Finally, thermal histories of Ganymede and Callisto are presented; 
the time scale u~ed for these thermal histories is that derived by Shoemaker 
and Wolfe ( 1982) but the thermal histories can easily be obtained for other 
cratering time scales. 
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FROM TH E S UN 
FIGURE 1 - Geometry used for photometric slope determination. See text 
for dis cussion. 
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TOPOGRAPHY OF CRATERS 
Determination of topography by photoclinometric method 
Jn order to study the flattening of craters and basins on Ganymede and Cal-
listo, information is required about the present topographic relief of these 
features. The images of these bodies obtained by the Voyager I and II spacecraft 
do nol permit useful stereoscopic determination of topographic relief . Crater 
depths can be determined from shadow measurements only in limited regions 
near t he terminator; another method, therefore, must be used to determine 
topographic relief for most of the features on these satellites. Using the tech-
nique of photoclinometry, it is possible to obtain the needed data (Bonner and 
Schmall, 1973; Watson, 1968). The successful application of this method 
requires that the photometric function of the surface material be known. 
Photometric studies of Ganymede and Callisto by Squyres and Veverka ( 198 :) 
indicate that the photometric function can be represented adequately by a 
Lommel-Seeligcr function ; the form of this function is 
(1) 
where I is the intensity oi the reflected radiation, Cis a constant, f.l-o = cos(i), 
and f.1- = cos (E) , where i is the angle between the incident radiation and the sur-
face normaL and E is the emission angle; Figure 1 shows the simplified 
geometric relationships between these quantities for two locations within the 
same phase plane on a spherical surface . Knowing the average values fori, E, 
and Lhe phase angle for a given location, the value of the constant C can be cal-
culated u sing the observed intensity I obtained from Voyager images. Within an 
area of umform alb2do, the intensity observed from a given picture element 
{ pix~l) can be related to the average absolute of slope of the area within that 
.: 
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FIGURE 2 - Fifteen profiles of different cross-sections across a 13 km diame-
ter crater (71 ° S, 152° W) were arranged to produce this 3-dirnensional projec-
tion. The inner shaded region indicates the approximate floor of the crater. 
Note the presence of lhc central peak ..... 800 meters high. The outer shaded 
region marks the outer tlank of the crater rim; the outer edge of the bright 
ejecta deposit, associated with this crater, is shown by the outermost broken 
line. 
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0 5 \0 \ S km 
FIGURE 3 - Same as for Figure 2 except that this composite is from nine 
separate c ross-sectional profiles of a crater 19 km in diameter ( 65° S, 144° W) 
The floor of this crater appears relatively flat . 
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piXel (the absolute slope is the component of slope in the phase plane). The 
function ( 1) was be a ssumed to be the photometric function for Ganymede and 
Callisto in the construction of all of the photoclinometric profiles presented in 
this paper. From a string of adjacent pixels, two-dimensional topographic 
profiles can be constructed as discussed by Squyres (1 981) . It is also possible to 
construct 3-dimensional projections of craters by offsetting several 2-
dimensional profiles from different cross-sections of the crater, as shown in Fig-
ures 2 and 3 . These profiles are of two fresh craters on grooved terrain that 
exhibit bright ejecta deposits. The crater shown in Figure 2 has well developed 
central p eak approximately BOO meters high; the crater shown in Figure 3 
disf)lays a relatively fiat floor. 
The accuracy of the profiles obtained by this method is primarily a function 
of the accuracy of the determination of the constant C ; the intensity (I), emis-
sion angle (E), incident angle (i.), and phase angle are all well constrained by the 
camera calibration and by the viewing geometry of the surface of interest. Two 
independent tests for the accuracy of the value determined for C exist. The 
first test is the comparison of the crater depth derived from shadow measure-
ments from the shn.dowed side of a given crater d 1, with the crater depth 
derived by photoc!inometry from the opposite illuminated side d 2 , as is shown in 
Figure 4a. By this method it was found that the depths determined by photocli-
nometry are within ± 25% of the sha dow depths within a 95% confidence inter-
val. The second test for accuracy comes from the observed symmetry (or asym-
metry) between the two halves of the crater profile, as is shown in Figure 4b. 
The two h.aives of the profiles are constructed from different portions of the 
photometric function curve, because one rim is facing into the sun while the 
other is facing away, and if the two halves are reasonably symmetric, then the 
® 
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ASYMMETRIC 
FJ GlJRE 4 - (A) Test of accuracy of photoclinometric profile is possible when 
one inner wall of the crater is in shadow while the other is illuminated. The 
deplh of the crater determined by shadow measurements (d 1) can be directly 
compared to the depth determined from the photoclinornetric profile from the 
other side (d2 ) . (B) A second test for the accuracy of the photoclinometric 
profiles is in the symmetry of the two crater halves as is discussed in the text. 
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TABLE I- Sample of crater profiles· 
CR>\ TER DJAN.:ETER 
LOCATION 0-10 10-20 20-30 30-40 40-50 > 50 km TOTAL 
GA..~YMEDE 
Cratered Terrain 48 104 95 ( 101) 44 (50) 25 (30) 14 (30) 330 (363) 
Grooved Terrain 129 175 82 49 19 26 (28) 480 (<i-82) 
CALLiSTO 0 6 34 44 26 43 153 
• The numbers in parentheses include several features for which u seful pho-
toclinometric profiles could not b e obtained due to their extremely flattened 
topograpt·y and albedo contrasts with the surround plains. For these features 
maximun: d ·2pths were eslimated from shadov: measurernents. 
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value of the constant C must be approximately correct; conversely, if C is not 
accurate, the two halves will not be symmetric. From this test, the accuracy of 
the derived depths are also calculated to be ± 25% of their true values to within 
a 90% confid8nce interval. 
A total of 963 usable photoclinometric profiles were obtained of craters and 
basins on Ganymede and Callisto. For Ganymede, 810 profiles were derived, and 
in addition. maximum depths of 35 extremely flattened craters and basins were 
obtained by shadow measurements, resulting in a total of 845 measurements of 
depth. Of these, 363 measurements were obtained for craters on the heavily 
cratered terrain and 482 for craters on the grooved terrain. A total of 153 pho-
toclinometric profiles were derived fo r craters on Callisto. A breakdown of the 
crater profiles by crater size and terrain type is given in Table l. Most of the 
profiles from Ganymede are from Voyager II images because these images have 
the highest surface resolution . The highest resolution irnages of Callisto were 
obtained by Voyager I but many of these images were smeared by spacecraft 
rotation; because of the difficulties in dealing with smeared images, most of the 
profiles of craters on Callisto were obtained from images with slightly less than 
maximum su.rface resolution. Table II lists the Voyager images that were used 
for this study and gives the number of profiles obtained from each image. 
Ganymede - Heavily Cratered Terrain 
Craters on Ganymede's heavily cratered terrain exhibit a large range of topo-
graphic relaxation. Examples of profiles of fresh and degraded craters 10 to 23 
km in diameter on the heavily cratered terrain are shown in Figure 5 . Craters 
as small as 10 km in diameter show significant flattening as compared to 10 km 
fresh craters. Commonly the crater floors are bowed-up . 
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TABLE II - Images used for photoclinometry• 
FDS 
Voyager 1 
16404.56 
16405.02 
16405.04 
164-05 .1 0 
16405.12 
:i.6~05 . 18 
164-05.22 
164-05.28 
:64-05.30 
164-05.32 
164-05 .42 
164-05 .48 
164-05 .50 
Subtotal 
# Craters 
GANYNIEDE 
35 
11 
28 (34) 
19 
19 
16 ( 18) 
15 
10 
13 
6 
9 
22 
4 
207 (215) 
FDS 
Voyager 2 
20636 .59 
20637.02 
20637.14 
20637.26 
20638 .59 
20639 .05 
20639 .11 
20639 .15 
20639 .19 
20640 .25 
20640.27 
20640 .29 
20640 .3 1 
20640 .33 
20640.37 
20640 .41 
Subtotal 
Total= 8 10 (845) 
Voyager 1 
16.;2: .27 
164-21.59 
Subtotal 
24 
21 
45 
CALlJSTO 
Total = 153 
Voyager 2 
206 16 .41 
206 16 .57 
20617.25 
206 17.41 
Subtotal 
# Craters 
66 
68 (74) 
11 2 (114) 
36 
41 (60) 
36 
30 
17 
42 
20 
31 
28 
20 
24 
11 
21 
603 (630) 
3 1 
33 
29 
15 
l OB 
• The numbers in parentheses include several features for which useful pho-
toclinometric profiles could not be obtained due to their extremely flatt en ed 
topography and a lbe do contrasts with the surround plains. For these features 
m aximum depth s were estimated from shadow measurements. 
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From the photoclinometric crater profiles, it is generally possible to accu-
rately measure (within ± 25% of the true values) the maximum depth of a 
crater: depths of 363 craters and palimpsests on the heavily cratered terrain of 
Ganymede are shown plotted against diameter in Figure 6; also plotted is the 
empirical fit for fresh lunar craters, which is (Pike, 1977) 
d = 0 .196 Dl.OlO D<15km (2a) 
and 
d = 1.044 D 0·301 D>15km (2b) 
where d is the maximum crater depth below the crater rim and D is the crater 
diameter. It should be noted that because of the bowing up of the crater floors, 
the depths plotted in Figure 6 generally are not referenced to the center of the 
crater but rather to a region (a moat) just inside of the crater r im. 
The depths of craters on the heavily cratered terrain on Ganymede are 
almost always less than for similar size craters on the Moon. Fresh craters , 
however, have depth-to-diameter ratios that are very similar to fresh lunar 
craters ; this suggests that, for the craters studied, the maximum depths of 
fresh crat ers formed on Ganymede are controlled primarily by gravity rather 
than the physical properties of the material in the lithosphere at late stages in 
tts evolution. (Lunar surface gravity is 162 em sec-2 and for Ganymede the sur-
face gravity is 14-2 em sec-2.) 
Approximately 8% of the craters plotted in Figure 6 are within the probable 
error in the depth measurements of the curve for fresh lunar craters, and 26% 
are within two times the probable error of the lunar curve. The probable error 
is defined as ± 25% of the true value. 
8 k m 
10 k m 
II k m 
14 k m 
20 km 
25 km 
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GA NY MEDE 
Groov ed Terra i n 
~---------'~ 
-
............... _____ ./ 
-
FIGURE 8 - Photoclinometric profiles of craters with r im diameters 8-25 k m 
in diam eter on the grooved terrain of Ganymede. (No vertical exaggeration .) 
2 8 km 
-
30 km 
3 2km 
36 km 
158 
GANYMEDE 
Groo v e d Terra in 
.........____ ______ ____.,.,- -
_,..---
38 km ~""'------------------
FIGURE 9 - Same as Figu re 8 except this fig ure shows craters 28-38 km in 
diameler . 
44 km 
159 
GANYMEDE 
Groov e d Terra in 
49km ------------------~----------------~~ 
56 km --~------------------~------------~~ 
67km --~----------------------------------~---
88km --~--------------~--~------------------
106km ~ --~--------------------------------~ 
FIGURE 10 -Same as Figure 8 except this figure shows craters 44--106 km in 
diameter. Note the presence of a r immed central pit and the b roadly doming 
crater fioors. 
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The crater rim height-to-diameter ratios for 330 craters on the heavily cra-
tered terrain of Ganymede are plotted in Figure 7. Also shown is the empirical 
fit to fresh lunar craters. as determined b y Pike ( 1977). For lunar craters the 
funclion is 
h = 0 .036 DL014 D < 15 km (3a) 
and 
h = 0.236 Do.sgg D > 15km (3b) 
where h is the rim height above the pre-crater level. as is indicated by the fiat 
plain surrounding the crater. 
The rim height for a given crater diameter is generally less than for lunar 
craters but the upper limit to the distribution is close to Pike's curve, which 
indicates that the rim heights for fresh Ganymedian craters are very similar to 
those of fresh lunar craters. 
Examination of crater depth versus diameter for the heavily cratered terrain 
indicates no significant correlation with latitude. Also, no significant correlation 
of crat er depth as a function of longitude is observed when proflles from the 
Voyager I images and those from the Voyager II images are compared. 
Ganymede - Grooved Terrain 
Examples of photoclinometric profiles of craters located on the grooved ter-
rain of Ganymede are shown in Figures 8, 9 , and 10. Figure 8 shows craters 8 to 
25 km in diameter; no measured craters on the grooved terrain of Ganymede~ 
15 km in diameter E:Xhibit any substantial flattening of the topographic relief, in 
contrast to that observed for craters of this size on the he>avily cratered terrain. 
Figure 9 shows crute rs 28 to 38 km in diameter ; substantial flattening of craters 
~ 30 km in diameter is observed for some craters. Figure 10 shows craters in 
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the diameter range 44 to 106 km; most craters ;;:.: 50 km in diameter display 
broadly bo;,\-ed-up floors . :\"ote the presence of a rimmed central pit in craters 
~ 25 km in diameter. 
Maximum depth-to-diameter ratios for 482 craters on grooved terrain are 
shown in Figure 11. The depths are generally shallower than for similar size 
lunar craters but are more densely clustered near the lunar curve than is 
observed for the craters on the heavily cratered terrain of Ganymede. Approxi-
mately 13% of the craters are within the probable error from the lunar curve, 
and 4 3% are within two times the probable error from the lunar curve, where 
the proba ble error is taken as ::: 25% of the actual crater depth. 
The rim height versus crater diameter for craters on grooved terrain are 
plotted in Figure 12: again the rim heights are generally less than for fresh 
lunar craters. 
A wide range in crater density is observed for the grooved terrain. indicating 
a wide range in surface ages . The region of grooved terrain with the highest 
crater density is located near the south pole. Examination of crater depth 
versus diameter, for the grooved terrain. indicates that craters near the south 
polar region generally exhibit shallower depths than craters of similar size else-
where. No significant correlation, however, of crater depth as a function of long-
itude is observed when profiles from the Voyager I images and those from the 
Voyager Il images are compared. 
Of great interest are the moderately well preserved basins on Ganymede. The 
Gilgamesh Basin is approximately 550 km in diameter with a central depression 
about : 70 k m in diameter ; the cent ral depression is shown in Figure 13 . The 
degr ee of preservat ion of this structure will allow us to place limits on the 
present vi::cosity str ucture within the lithosphere of Ganymede, as will be 
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F,'GURI: ~3 - Voyager II image of the relatively well-pre~erved Gilgamesh 
Basin. Th~ broken line shows the location of the photoclinometric profile shown 
in Figur e _ -;. CPDS 20638.14-) 
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FIGURE 15 - Voyager l1 image of the extremely flattened Western Equatorial 
Basin on Ganymede. The broken line shows the location of the photoclinometric 
profile shown in Figure 16 . (FDS 20638 .39) 
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Western Equator i al Bas i.n 
NO VERTICAL EXAGGERATION-
50 km 
SX VERTICAL EXAGGERATION-
Secondar~ craters_ 
------
10 km 
FIGURE 16 - Photoclinometric profile of lhe Western Equatorial Basin shown 
m Figure 15. The curvature of Ganymede is evident in the 5X vertical exaggera-
tion . lt appears that there is a slight depression just inside the basin rim 
(shown by lhe arrows). Also illustrated are photoclinometric profiles of four 
cr aters that that are interpreted to be secondary craters of this basin. These 
cralcrs show li t tle flattening as compared to fresh craters of the same diameter. 
The length ba r s for each of the secondary craters is 10 km. 
FIGURE 17 - Voyager II image of two penepalimpsests that are located near 
the south pole of Ganymede. The relatiYely smooth region, located near the 
center of this structure, is bounded by a raised rim interpreted to be the origi-
nal crater rim. The diameter of the central structure in ( 1) is 60 km and for (2) 
the diameter is 64 km. Penepalimpsest (2) is cut on the right (east) by youn ger 
units of gcooved terrain. The b1 oken lines show the location of the photocli-
nometric profiles illustrat ed in Figure 18 . (FDS 20640.31) 
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discussed in greater detail later in this paper. A photoclinometric profile of the 
central portion of the Gilgamesh Basin (Figure 14) reveals that the floor of the 
central depression is relatively smooth and that the height of the rim is approxi-
mately 1 to 1-1/2 km above the floor of the depression. 
The Western Equatorial Basin is approximately 185 km in diameter and is 
shown in Figure 15. A profile of the Western Equatorial Basin (Figure 16) shows 
that its floor is essentially at the pre-crater level and thal the relief of the r im is 
about 1 km above this level. Immediately inside the rim there is a slight depres-
sion. Profiles of secondary craters of theW estern Equatorial Basin show that lit-
tle flattening of the topography of these craters has occurred (Figure 16) . Both 
of these basins are discussed m detail in Passey and Shoemaker (1982) . 
Several features on Ganymede's grooved terr ain that are more or less transi-
tional in form between craters and palimpsests have been termed 
penepalimpsests (Passey and Shoemaker, 1982) . A topographic profile of one of 
these feat ures by Squyres ( 1980a) suggest::: that this feature is, at present, a 
domical upwarp with a diameter of "'250 km and a summit elevation 2 to 2-1/2 
km above the surrounding terrain . Two other penepalimpsests, the original 
craters of which are approximately 60 km in diameter, are located near the 
south pole of Ganymede and are illustrated in Figure 17. Figure 18 shows photo-
clinometnc profiles of these two features ; the curvature of the satellite is evi-
dent in the vertically exaggerated profiles. The ejecta blanket of one of these 
penepalimpsests (Figure :8 , profile 2) is cut by younger grooved terrain units 
(t.he beginning of the grooves is indicated by the arrow) ; the central crater of 
this feature d.oes not ex hibit a bowed up floor but the topographic relief is much 
less than for similar size fresh craters. The other penepalimpsest (Figure 18 , 
profile 1) is slightly larger and exhibits a floor that is slightly bowed up with a 
171 
slight depression located just inside of the rim. 
The majority of craters on the grooved terrain on Ganymede have retained 
much more of their original relief than have craters on lhe heavily cratered ter-
rain. This is partially due to the difference in age between these terrain types 
(Shoemaker et al., 1982; Shoemaker and Wolfe, 1982), but must also reflect 
significant differences in the rheology of the lithosphere at different times, as 
will be discussed later . 
Callisto 
Examples of relatively fresh craters on Callisto are shown in Figure :9. 
Craters exhibiting subdued relief and bowed-up floors are also present on Cal-
listo but these craters (at least those in the sample) do not appear to be as 
flattened as craters located on the heavily cratered terrain of Ganymede (Figure 
20) . One possible explanation of this is that because Callisto's surface is so 
much more heavily cratered than the heavily cratered terrain of Ganymede (as 
much as 5 tirnes lhe local crater density in places), the oldest and most 
flattened craters on Callisto have been either obliterated by later impacts or are 
extremely difficult to recognize, owing to the high abundance of superposed 
craters, and, thus, were not included in the sample. 
Maximum depth-to-diameter ratios for 153 craters on Callisto are plotted in 
Ftgure 2 1. Most of the craters are shallower than similar size lunar craters but 
a smaller range in depths is observed when comparing craters of a given size on 
Callisto with those on Ganymede (Figures 6 & 11). Approximately 17% of the 
craters in Figure 2 1 deviate no more than one probable error in depth measure-
ment from the curve for fresh lunar craters, and 35% are within 2 times the 
probnble error, where the probable error is ± 25% of the true depth. 
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CALLISTO- FRESH CRATERS 
14km 
--- ~ 
--------
IBkm 
- ~--------------
23 km 
27 km ~------------------
34 km 
-------------------------
41 km 
54km 
FIGURE 19 - Photoclinometric profiles of crater s 14-54 km in diameter on 
Callisto that are relatively fresh appear ing; these craters have d epth-to-
dtamelcr ratios similar to fresh lunar craters. 
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CALLISTO- DEGRADED CRAT ERS 
28km 
4Qkm 
5 2 km 
61km -------------------------------------------
78 km 
120km --------------------------------------
FIGURE 20 - Photoclinometric profiles of degraded craters 28-120 km in 
dtameter on Callisto; the depth-to-diamete r ratios for these craters are gen-
erally much less than for fresh lunar craters of similar size . 
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Figure 22 shows a plot of rim height versus crater diameter for 153 craters 
on Callisto. The rim heights are generally less than for fresh lunar craters. 
THEORY OF VISCOUS RELAXATION OF CRATERS 
Viscosity of ice 
It is well known that the strain raLe i; of crystalline ice is not proportional to 
the stress -y but rather a power law relationship exists where 
(4) 
where n is a constant and is equal to about 4, and K is a constant (Glen, 1952) . 
The fiow law for glacial ice has been expanded in a polynomial power law form 
containing linear , cubic, and fifth-order terms (Colbeck and Evans, 1973) 
(5) 
The presence of the linear term is suggested from analysis at low stresses and 
the fifth-order term was included to take into account the decrease in viscosity 
with increasing stress. Deformation mechanism maps for ice (Shoji and Higashi, 
1978 ; Goodman et al., 190 1) indicate that at the temperatures of interest in the 
lithospheres of Ganymede and Callisto (i.e. 120K - 180K) and at the effective 
deviatoric stress levels resulting from the perturbation of the surface by the 
crater relief (deviatoric stresses generally less than about 1.3 x 106 N m-2), the 
dominant deformation mechanism is creep by boundary diffusion . For this 
deformation mechanism, Bromer and Kingery (1968) observed a strain rate 
which varied linearly with stress; thus. although the strain rate of ice is non-
linear ,..,·ith stress at high stresses and / or high temperatures , for the litho-
spheres of Ganymede and Callisto, the approximation of a Newtonian viscous 
fiuid appears to be adequate, at least to first order. 
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Vl!lcosity gradient in icy lithospheres 
Early in their histories, Ganymede and Callisto must have had relatively thin 
rigid icy lithospheres overlying convecting asthenospheres . The observed 
craters are supported by these structurally stable lithospheres. The base of the 
lithosphere would be determined by an effective viscosity that permits free con-
vection in the underlying asthenosphere; nominally the effective viscosity of the 
convecting region is taken to be approximately 10 16 poise. The boundary 
between the lithosphere and asthenosphere is not sharply defined but is actually 
a transition layer. 
Except for transients produced by large impacts, heat flow through the 
predominantly icy lithosphere is governed almost entirely by the temperature 
difference between the top and base of the lithosphere, with the mode of heat 
transport through the lithosphere being conduction. The temperature at the 
top of the lit hosphere is controlled by radiation, in the case of the absence of an 
insulating regolith layer, and the temperature at the base of the lithosphere is 
that temperature that would correspond to a viscosity of 10 18 poise. For steady 
heat flow , the thermal gradient will be 6T /6Z = H /K, where H is the heat flow 
and K is the conductivity of the lithosphere; actually the conductivity of ice K is 
a function of temperature T (Hobbs, 1974) and so the thermal gradient 6T !6Z 
will not be linear with depth. Over the temperature range of interest for the 
lithospheres of Ganymede and Callisto (i.e. 120 to 180 K), the range in the value 
of K is from "'4- W /m2 to "'3 W / m 2 ; thus, for a constant heat flow, the thermal 
gradient will differ only slightly from a linear gradient with depth, Z. This will be 
dtscussed in greater detail later in this paper. Because the viscosity of ice is a 
st rong function of temperature, wit h v1scosity decreasing exponentiaUy with 
increasing temperature (Hobbs, 1974 ), then a constant heat flow through an icy 
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lithosphere will approximately correspond to an exponentially decreasing viscos-
ity gradient with depth. 
Model for crater relaxation 
The r elaxation of craters in a medium of uniform Newtonian viscosity has 
been studied by Danes (1962, 1965) and Scott (1 967) . Viscous relaxation of 
topography in a medium where viscosity is a function of depth has been 
analyzed by Danes (1 968), Brennen ( 1974), and more recently by Parmentier 
and Head (1 98 1) . 
ln this paper, the viscosity will be taken to be an exponential function of 
dciJth, at any given time. The axial symmetry of craters allows their topo-
graphic relief to be repre:;ented by a series of cylindrical harmonics. The relief 
h (r) , where r is the radial distance from the center, is given by 
M 
h (r) = 2..; Am J0 (km r) (6) 
m=O 
where Am is the amplitude of the mtl" harmonic , J0 is the zero-order Bessel func-
tion, km is the wavenumber of harmonic m ; the values of km are chosen such 
that k 1 , k 2 , · · · are the roots of J0 (r) = 0, and M is the upper limit to the 
number of harmonics used in the model (M = 30 for this study) . The radial 
resolution used is 1!30'11 of the crater rim radius and the limit to t he radial dis-
tance used in the profile is twice the rim radiu s. The values of the constant Am 
for the various harmonics can be calculated from 
(7) 
where J 1 is the first -order Bessel function, and r = 1 corresponds to the max-
imum r adial distance of the profile. 
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For the viscous flow in a medium whose state is constant with time, the time 
dependence of the topographic reLief is given by 
-t 
M -
h (r,t) = 2: AmJ0 (kmr)e -r,. (B) 
m=l 
where t is time, and 1m is the relaxation time for a given harmonic wavenumber. 
For this study, it is assumed that the viscosity is a function of depth with the 
form 
(9) 
where 77( z) is the viscosity at depth z, 7]0 is the surface viscosity, and A is the 
reciprocal e-folding depth for viscosity (i.e . A = L-t. where L is negative with 
depth) . For this case, the r e laxation time Tm can be expressed (Brennen, 1974) 
as 
( 1 0) 
where km is the wavenumber of the harmonic m, p is the density of the medium 
(for ice p=0.93 g cm-3), g is the surface gravity (g =142 em sec-2 for Ganymede 
andg=~2 1 em sec-2 for Callisto) and !Cis defined as 
( 11) 
where 
( 12) 
When A/k is very small. 1m (10) becomes 
( 13) 
which corresponds to the solution of Danes ( 1962, 1965) for a medium of 
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30 km 
® 
3 
2 
FIGURE 23 - Theoretical relaxation of a 30 km diameter crater in a viscous 
medium where viscosity de.c r eases exponentially with depth from a surface 
viscosity of : 026 poise; for cas e (A) L = : .0 km, and for case (B) L = 8.0 km. L is 
the e-folding depth of viscosity (L = .>.. -l). The most flattened profile for each 
cas e corresponds to 4- Gy. 
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uniform viscosity. 
Eiamples of theoretical crater rehu:ation 
The theoretical relaxation of a 30 km crater on Ganymede is illustrated in 
Figure 23 . The initial crater shape, at t =O, is modelled after fresh lunar craters 
(Pike, 1977). For the firs~ example, the viscosity at the top of the lithosphere 
was chosen to be 1026 poise (the reason for choosing this value will become 
apparent later) : the viscosity gradient was assumed to have an e-folding depth 
of 1.0 km, for an exponentially decreasing viscosity. Four distinct stages of 
relaxation can be identified from this first example (Figure 23a) ; these are ( : ) 
when the crater shape is similar to that of fresh lunar craters and the floor is 
not delectably bowed up , (2) when the crater floor is noticeably bowed up but 
when the elevation of the floor is below the pre-crater level (defined by the eleva-
tion of the surrounding plain beyond the ejecta deposit), (3) when the elevation 
of the bowed up floor exceeds the pre-crater level, and (4) when the crater relief 
is flattened to the point where only a small fraction of the initial rim relief 
remains and the crater floor is essentially at the pre-crater level. 
The second example (Figure 23b) shows the theoretical relaxation of a 30 km 
diameter crdter in a viscous medium where the viscosity at the top of the litho-
sphere is 1026 poise and the viscosity e-folding depth is U km. ln this case the 
final form of the crater after 4 Gy is preserved with only slight bowing-up of the 
crater floor (Stage 2). 
HISTORY OF CRATER PRODUCTION AND RELAXATION 
Classification of craters by degree of relaxation 
Jn order to determine the lime history of a changing rheology based on 
crater statistics, it will be necessary to develop a scheme for differentiating 
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craters that have flattened to different stages of relaxation. Although depth 
versus diameter relationships may be useful in this regard (as illustrated in Fig-
ures 6, 11. and 21), the bowing up of the crater floor poses a problem in defining 
the point to which the depth measurement is assigned ; also any absolute or sys-
tematic errors in the depth measurements from the photoclinometric profiles 
will be propagated. The method used in this paper is to assign the craters in the 
sample into four categories; these categories correspond to the four stages of 
rcla~ation that were observed in the theoretical relaxation studies. The four 
stages correspond to: (1) craters which do not display bowed up floors (i.e. those 
craters where the maximum depth is located at the center of the crater), (2) 
craters in which the bowing up of the floor can be discerned but where the eleva-
tion of the floor center does not exceed the pre-crater level. (3) craters in which 
the elevation of the bowed-up floor exceeds the pre-crater level. and (4) craters 
that. are extremely flattened and the maximum relief is ~ 200 meters. This 
classificat ion scheme, illustrated by the photoclinometric profiles in Figure 24, 
covers lhe observed forms of craters on Ganymede and Callisto . 
Table Ill-A lists the degree of flattening versus crater diameter for 363 craters 
and palimpsests on the heavily cratered terrain on Ganymede. It may be seen 
from the data in Table III that the fraction of small craters which exhibit bowed-
up floors is not as large as the fraction of larger craters. This is in agreement 
with viscous relaxation theory which predicts that the rate of relaxation is pro-
purtional to the size of the topographic feature . Table IIJ-B is for craters on the 
grooved terrain on Ganymede and Table III-C is for craters on Callisto . 
Time scale for crater flattening 
By combining the data presen ted in Table III with the cratering time scale for 
Ganymede and Callisto proposed by Shoemaker and Wolfe (1 982), it is possible 
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GANYMEDE 
All Craters 25-30km in Diameter 
STAGE 1 -----~-~-----------------~ (NO BOW IN Gl 
STAGE 2 
<SL IG HT BOW IN G) 
STAGE3 ~~--~----------------------~~~------l >PC L l 
STAGE 4 
l FLATT E. NE.D l 
FIGURE 24 - Photoclinometric profiles of four craters 25-30 km in diameter 
that are located in the heavily cratered terrain of Ganymede. Each of these 
craters is presently preserved at a different stage of crater relaxation ranging 
from fresh ( 1) through bowed up floors (2-3) , and finally to a very flattened 
stage (4). The vertical scale is the same as the horizontal scale. 
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TABLE III- Degree of bowing up versus diameter 
Diameter No Bowing Slight Bowing Above PCU Flat2 Total 
(km) No. % No . % No. % No . % No. 
(A) Ganymede - Heavily Cratered Terrain 
0-10 45 94 3 6 48 
10-20 53 5 1 34 33 7 7 10 10 104 
20-30 38 38 26 26 24 24- 13 13 10 1 
30-40 11 22 24 48 9 18 6 12 50 
40-50 4 13 15 50 6 20 5 17 30 
> 50 1 3 8 27 4 13 17 57 30 
Total 363 
(B) Ganymede - Grooved Terrain 
0-10 11 9 92 10 8 129 
10-20 129 74 4-1 23 3 2 2 1 :75 
20-30 43 52 3 1 38 7 9 1 1 82 
30-4 0 17 35 30 61 2 4 49 
40-50 6 32 12 63 1 5 19 
>50 1 4 2 1 75 3 11 3 11 28 
Total 482 
(C) Callisto 
:0-20 5 83 1 17 6 
20-30 27 79 6 18 1 3 34 
30-4-0 24 55 20 45 44 
40-5 0 6 23 14 54 6 23 26 
>50 2 30 70 12 28 43 
Total 153 
1 Above PCL --Where crater floor has bowed-up above the pre-crater level. 
2 Where the maximum relief is less than 200 meters. 
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to determine the times for the onset of the various stages of crater flattening. 
It has been shown that model age differences between the leading and trailing 
hemispheres of Ganymede and of Callisto range up to about 200-300 MY (Passey 
and Shoemaker, 1982; Shoemaker et al., 1982; Passey, in press) ; by comparing 
the statistics on the degree of flattening of craters in the leading hemisphere 
1-ri.th those in the trailing hemisphere, however. it was found that no significant 
difference exists in the degree of flattening; for the analysis presented here, the 
mean model age for the surface terrains (i.e . the age of the surface 90° from 
the apex of orbital motion) will be used . The effect of location on the sateliite 
will be discussed later. 
The model ages of the heavily cratered terrains of Ganymede and Callisto 
depend somewhat on the crater size used in determining age; surface model 
ages determined from craters ~ 50 krn in diameter are up to about 200 MY 
younger than ages determined from craters ~ 10 km in diameter . These 
differences have been attributed to the loss of many of the large craters by 
viscous relaxation. The effect of this on the age determination can also be 
corrected for , but will be discussed later as a correction; this is done to avoid 
confusing the data with assumptions for loss statistics. 
The mean model age that will be used for the heavily cratered terrain on 
Ganymede is 3.87 Gy, based on 250 craters ~ 10 km/ 106 km2 (Passey and 
Shoemaker, 1982); the mean model age for the grooved terrain used here is 3.65 
Gy, based on 90 craters~ 10 km/106 km2 . The mean model age for the surface 
of Callisto is 4 .1 0 Gy, based on 49 craters~ 30 km/106 km2 (Passey, in press) . 
Figure 25 shows age versus the degree of fiattening for various size craters on 
Ganymede; figure 25a is for the heavily cratered terrain and Figure 25b is for 
the grooved terrain . As an example, 10 km craters on the heavily cratered 
186 
100 
GANYMEDE 
A 
.}.87 
.}.8 4 
80 ,} 82 
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CRATER D IAMETER 
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GROOVED 0.40 
0 0 
10 20 30 4 0 >50 
CRATER D IAMETER 
F1 GURE' 25 - This is a graphical representation of the data in Table 1ll for 
G;mymede. Figure (A) is for the heavily cratered terrain and (B) is for the 
grocvcd terrain. The solid circles refer to cr ater floors that are slightly bowed-
up , the solid triangles refer to craters for which the floors are bowed-up above 
the pre-crater level. and the solid squares are for craters which have a max-
imum topographic relief of less than about 200 meters (i.e. ''flattened" craters). 
The ages on the right hand axis are derived from t he cratering time scale of 
Shoemaker and Wolfe ( 1982). As an example, "'35% of the craters on the heavily 
cratered terrain that are 30 km in diameter, do n ot exhibit bowed-up floors; 
tl1erefore, if a 30 km crater does not exhibit a bowed-up floor, its age is less 
than :1.58 GY; conversely if a 30 km crater displays a bowed-up floor but if the 
bowing up does not exceed the pre-crater level. that crater is older than 3.58 GY 
but less thn.n "'3 .80 GY. 
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FIGURE 26 - Same as for Figure 25 except that this figure is exclusively for 
the grooved terram of Ganymede. (A) is for the oldest grooved terrain which is 
located at latitudes > 60° ; (B) is for younger grooved terrain which is located at latitudes < 60° . 
188 
terrain will display bowed-up floors (~ Stage 2) if they formed prior to 3 .78 Gy 
whereas 40 km craters will display bowed-up floors (circles , Figure 25a) if they 
formed prior to 3.33 Gy. Similarly, 10 km craters will display floors that are 
bowed-up above the pre-crater level (triangles, Figure 25a) if they formed prior 
to 3 .84 Gy and 40 km craters will display this if they formed prior to 3 .79 Gy. 
In Figure 25b a similar distribution for craters on grooved terrain can be 
seen. Because the oldest grooved terrain is located near the south pole (age "' 
3.80 Gy) and because the craters in this region are the most flattened , the 
statistics from this region were subtracted from those of the rest of the grooved 
terrain; the resulting distributions for the onset of bowing-up of the crater floor 
versus crater diameter for two different age grooved terram units are shown in 
F'lgure 26. From Figure 26 it is apparent that bowed-up floors will be present in 
10 km diarr..eter craters older than ""3 .50 Gy, and in 30 km diameter craters 
older than "'3.20 Gy. 
Comparison of these results with those obtained for the heavily cratered ter-
rain on Ganymede suggests that at a given time. craters of a given size on 
grooved terrain. were relaxtrlg slightly faster than craters on the heavily cratered 
terrain. This difference can be seen by comparing the age versus degree of 
flattening in Figure 25a with that in Figure 25b for various size craters. This 
implies t~at at a given time, either the viscosity of the lithospheric material in 
the 5rocved terratn was slightly less than the viscosity of the material in the 
heuvily cratered terrain, or that the viscosity gradient in the grooved terrain 
was steeper than in the adjacent heavily cratered terrain. 
A similar plot of mean age versus the degree of flattening for various size 
craters on C~llisto is shown in Figure 27. As an example. a 15 krn crater will 
have a bowed-up floor if it formed before 4.07 Gy whereas a 45 km crater will 
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FIGURE 27 - Same as for Figure 25 except that t his figure is for Callisto. 
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display a bowed-up floor if it formed before 3.85 Gy. 
Time variable viscosity gradient 
Based on the cratering time scale of Shoemaker and Wolfe (1 982) , most of the 
highly relu.xed craters formed within 500 million years, or so, of the age of the 
surface on which they lie (age at 100% of craters. Figures 25, 26, and 27) . During 
the remaining 3.0 to 3.5 Gy, little significant relaxation of craters ~ 30 km in 
diameter has occurred. ln order to have a large amount of relaxation within a 
relatively short time interval, and to have little subsequent relaxation during a 
much longer time interval requires that the overall effective viscosity of the 
lithosphere was significantly less during early periods than it was during later 
times . lt is rea sonable to expect that the overall lower effective viscosity of the 
upper lithosphere at an early period simply reflects a steeper viscosity gradient 
and, thus , a higher heat fiow. It would also be expected that the heat flow 
decayed with time, regardless of the source, and that the viscosity gradient 
would also decay with time. Assuming that the viscosity gradient decays 
exponentially with time, the viscosity gradient can be expressed as 
( 14) 
where L1 is the initial e-folding depth of viscosity ( L1 = r..1 - 1), LF is the final e-
folding depth of viscosity, t is time, and Tv is the time constant for the rate of 
c.:hange of the viscosity gradient. Each of these variables, with the exception of 
time, are be treated as an independent variable in this study; the determination 
of the values of these quantities will depend on comparison of the statistics of 
observed crater relaxation with results from the theoretical model. For the case 
of a time variable viscosity gradient with depth, the constants for the various 
harmonics of the crater topography (7) and lhe corresponding relaxation times 
10
 k
m
 
50
km
 
t 
=
 4 
G~
 
~
 
10
24
 
I t
 =
 4 G
 ~ 
-
=
::
:. 
10
25
 
:::
:::
:::
:>
"' 
·
-
-
t
:.
Q 
I 
10
25
 
.
 
-
-
·
-
"
 10
26
 
,
 
"'
 
I 
~
 
10
26
 
,
 
10
27
 
L=
 5
 km
 
10
27
 
l 
~
 
10
28
 
F
fC
UR
E'
 2
0 
-
T
he
 v
a
lu
e 
fo
r 
th
e 
v
is
c
o
s
it
y 
a
t 
th
e 
to
p 
o
f 
th
e 
li
th
os
ph
e
r
e 
is 
de
te
r-
m
in
e
d 
fr
o
m
 
th
is
 f
ig
u
re
. 
Sh
o
w
n
 a
r
c 
e
x
a
m
pl
e
s 
o
f 
th
e 
r
e
s
u
lt
s 
fo
r 
c
r
a
te
r 
r
e
la
x
a
ti
on
 
a
s 
a 
fu
nc
ti
o
n
 o
f 
Li
m
e 
fr
om
 t
he
 
n
u
m
e
ri
c
a
l 
m
o
de
l 
fo
r 
v
a
ri
ou
s 
c
ho
ic
es
 
o
f 
s
u
rf
a
c
e
 
v
is
co
si
ty
.
 
Sh
ow
n 
a
r
c 
th
e 
th
eo
re
ti
c
a
l 
r
e
la
x
a
ti
on
s 
o
f 
10
 k
m
 a
n
d 
50
 k
m
 d
ia
m
e
te
r 
c
rn
tc
rs
. 
T
he
 
r
e
qu
ir
e
d 
c
ri
te
ri
o
n
 
is
 l
ha
t 
fo
r 
a 
s
in
gl
e 
s
u
rf
ac
e 
v
is
c
o
s
it
y,
 
10
 k
m
 
c
ra
te
r
s 
w
ill
 b
e 
a
bl
e 
Lo
 f
la
tt
e
n
 
u
n
de
r 
c
o
n
di
li
on
s 
o
f 
a 
s
le
e
p 
v
is
co
s
it
y 
gr
a
di
e
n
t,
 
w
he
r
e
a
s
 
50
 l
<m
 
c
ra
te
rs
 
c
a
n
 
be
 
r
e
la
tiv
e
ly
 w
e
ll 
pr
e
se
rv
e
d 
u
n
de
r 
c
o
n
di
li
on
s 
o
f 
a 
r
e
la
tiv
e
ly
 f
la
t 
v
is
c
o
s
it
y 
gr
a
di
e
n
t.
 
T
he
 
o
n
ly
 v
a
lu
e 
fo
r 
th
e 
s
u
rf
ac
e
 v
is
c
o
s
it
y 
th
a
l 
sa
ti
s
fie
s 
th
is
 i
s 
10
26
 p
oi
se
. 
,.
._
. 
<
D 
192 
for the various harmonics 1m (10) are recalculated after each time step. 
Comparison of model with crater statistics 
It is now necessary to determine the value of the surface viscosity (770 ) . In 
that the surface viscosity to be used in the model for 10 km craters must be 
approximately the same as for 50 km craters in the same terrain, it is possible 
to assign limits to the surface viscosity '7/o by determining what values of '7/o will 
result in h ighly flattened 10 km craters (using a steep viscosity gradient with 
depth) at an early period in time , and yet allow for 50 km craters to be well 
preserved from a slightly later period in time (when the viscosity gradient was 
not as steep). It can be seen that if a 10 km diameter crater were formed in a 
half space of viscosit y 102 4 poise, a.nd allowed to flatten for 4 Gy, extremely little 
of the initial topography would remain (Figure 28) . Similarly, a 50 km diameter 
cr ater in a 1025 poise half space (i.e. L = infinity; no thermal or viscosity gra-
d ient) would also flatten beyond recognition if it were allowed to relax over a 
time period of 4 Gy; but this viscosity would allow a 10 km diameter crater to be 
preserved in a slightly relaxed state after 4 Gy. A 10 km diameter crater in a 
1026 poise half space will not significantly flatten in 4 Gy, but if it is assumed 
that the viscosity of this medium decreases exponentially with depth, the 10 km 
diameter crater will flatten substant1ally in 4 Gy (assuming L = 0 .5 km) . A 50 
km diameter crater can be preserved in various stages of relaxation by varying 
the viscosity gradient. in a medium with a surface viscosity of 1020 , 10 27 , and 
1028 poise. A surface viscosity of 1027 poise , or higher, will not allow for 
suiT-cienL flattening of 10 km craters , even if a very steep viscosity gradient with 
depth exists; thus, surface viscosities > 10 27 pois e are unacceptable to explain 
the observed flattened 10 km craters. Surface viscosities ;;:: 1028 poise are too 
great to allow craters ~50 km to flatten sufficiently over geologic time regard-
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less of the viscosity gradient. The derived surface viscosity for the ice-rock mix-
ture in the lithosphere of Ganymede is 1026 poise, with a possible range from 5 x 
1025 to 5 x 1026 poise; this range is based on the fact that 1025 poise is too low 
for large cn1ters, and :i. 027 poise is too high for small craters. For Callisto the 
value is p robably the same, but because of the few number of flattened small 
craters (~ 20 km) in the sample, a surface viscosity of 1027 poise cannot be 
excluded. Surface viscosities in excess of 1028 poise are much too great. As the 
surface temperatures of both Ganymede and Callisto are very nearly the same 
(Squyres, 198Gb) , it will be assumed that the better constrained value of 1026 
poise for the surface viscosity derived for Ganymede will be equally applicable to 
Callisto . Using this value for the surface viscosity, the e-folding depth , L1, of 
VIscosity at an early period in its history is found to be ~ 1.0 km for Ganymede, 
and between 1.0 and 3.0 for Callisto, in order to produce the observed flatten-
ing of 10 km craters. In order to preserve the observed relief in 50 km craters , 
thee-folding viscosity depth, Lp , must have increased to between 10 and 30 km 
at a later period. 
As a changing viscosity gradient is required to explain the variety of relaxed 
craters of d ifferent size observed on Ganymede and Callisto, our problem is to 
determine the approximate rate of change of this gradient with time. The data 
presented in Figures 25, 26, and 27 allow for this determination. It will be 
assumed that the viscosity gradient was decreasing exponentially with time, 
given in eq.( :4). Figure 29 shows various model fits to the data from the heavily 
cratered terrain on Ganymede using various values of Tv, L1 and Lp. The points 
me.rking the boundary between the "Flattened" and "> PCL" craters are excluded 
from the comparison because the category ''Flattened" involves an absolute 
measurement of topographic relief and would be extremely biased by the 
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FIGURE 29 - Comparison of model calculations with part of the data illus-
trated in Figure 25. The open circles are frequencies at the onset of bowing up 
of the cr<' t.er floor; the open triangles are the frequencies at which the bowing 
up of the crater floor exceeds the pre-crater level. The solid lines are to be com-
pared to the circles and the broken lines are to be compared to the triangles . A 
reasonably good fit to both the circles and the triangles is found when 'Tv , the e-
folding time constant for the changing viscosity gradient , is 109 years, and the 
initial e-folding depth for viscosity L1 is -0 .5 km and the final e-folding depth for 
viscosity LF is - :i.O . km as shown in (A) . No reasonable fit to the data was 
c.chieved using 'Tv of :08 years (B) within the constraints on L . 
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FIGURE 30 - Same as for Figure 29 except that this figure shows comparis-
ons of results from the model with the data from the grooved terrain of 
Ganymede. 
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FIGURE 31 - Same as for Figure 29 except that this figure shows comparis-
ons of results from the model with the data for Callisto. Reasonable fits to the 
data are found for both a Tv of 106 and 109 years; these are discussed in the 
text. 
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assumption of the initial relief for the theoretical crater. The best fit to the 
data from the heavily cratered terrain assumes 1'v = 109 years, L1 = 0.5 km, and 
LF = 10 km. The possible range in L1 and Lp as a function of 1'v is shown in Fig-
ure 32. 
Figure 30 shows various model fits to the data from the grooved terrain. 
Here, the best fit assumes 1'v = 109 years, L1 = 1 km, and Lp = 3 to 5 km. The 
pos3ible range in these values is shown in Figure 32. 
Figure 3: shows a similar comparison for Callisto. The best fit is for 1'v = :08 
to 109 years, L1 = 0.5 to :.5 km, and Lp = 10 to 30 km. the possible range in 
these values is shown in Figure 32. 
THERMAL IDSTORY 
Temperat ure-Viscosity relationship for ice 
Assuming that ·within the temperature-stress regime of interest ice behaves 
like an idcalr\ewtonian viscous fluid, the viscosity can be expressed in the form 
(Weertman, 1970) 
.TJ( T) = rJm exp[A •( T; - 1)] (15) 
where TJ( T) is the viscosity at temperature T, TJm is the viscosity at the melting 
point, Tm is the temperature at the melting point. and A .. is a constant depend-
ing on the creep activation energy. For polycrystalline ice, T m = 273 K. rJm is 
10J.l poise, and the published range in creep activation ener gies is from 42 to 
67.5 kJ / mol (listed in Homer and Glen, 1978): these activation energies 
correspond to a range in A • of from 1 B to about 29. 
From the determination of the viscosity at the top of the lithospheres of 
Ganymede and Callisto , of TJo = 1.0 ± 0 .5 x 1 o26 poise, it is n ow possible to empir-
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ically determine the value of the constant A ~ for the ice-rock mixture in the 
lithospheres of Ganymede and Callisto . The mean equatorial surface tempera-
ture is "' 120K for the heavily cratered terrain of Ganymede and "' 125K for Cal-
listo (Squyres, 1980b) . These temperatures cannot be directly applied to the 
viscosity at the top of the lithosphere because an insulating regolith later must 
be present (Shoemaker et al., 1982) . A regolith with a conductivity much less 
than the conductivity of a solid lithosphere must be present b ecause there is no 
strong lat1tudinal dependence of flattening of craters on the heavily cratered 
terrain; near the polar regions , the surface temperature should be < BOK 
(Squyres, 1980b) and without an insulating regolith , craters near the poles 
should show much less relaxation than craters near the equator of equal age 
and size . Shoemaker et al. ( 1982) have calculated that on Ganymede , the thick-
ness of the regolith near the south pole is of order "'40 meters thick ; they also 
postulate that the thickness of the effective insulating regolith is controlled by 
thermal annealing at some depth within the regolith. They suggest that the tern-
perature threshold above which the annealing process is efficient is approxi-
mately 130K, corresponding to the minimum surface temperature for which the 
ablation of H2 0 frost on the surface of Ganymede is observed (Squyres, : 980b; 
Purves and Pilcher, 1980). Using T = 130 ± 5 K and 77= 1.0 ± 0 .5 x 1026 poise in 
(15) , yields a value for A • of 25 ± 3. 
Viscosity gradie n t versus thennal gradient 
Using (15), it is possible to calculate a thermal gradient for a given e-folding 
depth of viscosity (L) for Ganymede and Callisto . Parmentier and Head (198 1) 
have shown that for an C:!Xponentially decreasing viscosity with depth 
~0 = ( 16) 
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where Ao is the thermal gradient immediately below the surface, T0 is the sur-
face (top of lithosphere) temperature, and 'A is the reciprocal e-folding viscosity 
depth ('A= 1/L) . Relation (1 6) is valid only for the thermal gradient very near 
the surface and it should be noted that a linear thermal gradient with depth 
only approximates an exponential viscosity gradient, as is shown in Figure 33. 
From Figure 33 an e-folding viscosity depth of L = 1 km is roughly the same as a 
linear near surface ( < 25 km) thermal gradient of 7 K/km, L =2 km corresponds 
to ...... 1.8 K/km, L =5 km corresponds to "'0.8 K l km, L= 10 km corresponds to "'0 .3 
Klkm, and L =30 km corresponds to "'0.1 K l km. It should be pointed out that 
because of the strong exponential dependence of viscosity on temperature ( 15) , 
the calculated thermal gradients are relatively insensitive to the choice of 17o 
(i. e. vvithin t he uncertainty of A·) . 
Assuming a linear thermal gradient to model an exponential viscosity gra-
dient is adequate but care must be taken in interpreting the thermal gradients 
derived from crate rs of different diameters . Because of the slight curvilinear 
trend illustrated in Figure. 33, the derived thermal gradient averaged over shal-
low depths ( < 25 km) will be slightly less than the derived thermal gradient aver-
aged over greater d epths (>50 krn) . Figure 34 quantifies this effect; for exam-
ple, an e-f olding depth L of 2 km derived from craters 10-20 km in diameter (i.e. 
affected most by the thermal gradient in upper 25 km) yields a thermal gradient 
of ...... 2 K/km; for craters 50 km in diameter, the viscous flow occurs over much 
deeper regions and a gradient of "'3 K/km is indicated. Although the actual 
thermal gradtent at any given time is only approximately linear with depth in 
the upper lithosphere, the corrections mentioned above allow for more mean-
ingful interpretation of the results derived from the model, which contains 
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sligh t errors inherent to the assumption that the viscosity varies exponentially 
with depth. 
Derived thermal history 
For Ganymede, the best fit for a surface viscosity of 1026 poise requires a 
thermal gradient in excess of "'14 K/km at a period of time "'3 .87 GYA, and must 
have decreased to about 0 .3 K!km by the present time (using the thermal gra-
dient avera.ged over the top 25 km) . Using the thermal gradients averaged over 
50 km depth, the present thermal gradient for Ganymede is approximately 1.2 
K/km (upper range of stippled region). For Callisto, it appears that the early 
thermal gradient was between 3 and 7 K/ km and at the present day, the ther-
mal gradient is between 0 .3 and 0.: K/km; using the thermal gradients averaged 
over 50 km depth, the present thermal gradient is between 0.8 and 1.2 K/km. 
Because of the nonlinear relation between the thermal gradient and the viscos-
ity gradient, thee-folding time for the changing viscosity gradient (711 ) is not the 
same as fo r a changing thermal gradient. Figure 35 shows the derived histories 
for t h e thermal gradients of Ganymede and Callisto; the approximate e-folding 
time for the changing thermal gradient is between 5 x 107 years (for the steep 
part of the curves) and 2 x 108 years, after the thermal gradient drops below 
about 3 K/km (solid lines). 
Heat flow versus thermal gradient 
0! primary interest is how the heat flow has changed with time. The heat flow 
at the top of the lithosphere for Ganymede at 3 .87 Gy would be ~ 3 .2 x 10-2 W 
m-2 (Figure 36) based on a conducti'vity of 4 W m-1 deg-1 and a thermal gradient 
of~ 8 K/km. By 3 .5 Gy the heat flow had declined to "'4.0 x 10-3 W m-2 • based 
on the sam-2 conductivity and a thermal gradient of "' 1 K/ km. If we use the 
thermal gradient averaged over 50 km depth (because of the inexactness of the 
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inversion of an exponential viscosity gradient to a linear thermal gradient) the 
upper bound to the heat flow at "'3.5 Gy is "'6.0 x 10-3 W m-2 • based on a conduc-
tivity of 3 W m-1 deg-1 (because of the vmrmer ice in the interior) and an upper 
limit to the thermal gradient would be "'2 K/km (refer to stippled region in Fig-
ure 35). Assuming that the viscosity at the top of the lithosphere has been 
maintained at 1026 poise, the present day heat flow would be 3.0 ± 1.4 x 10-3 W 
-2 m. 
Corrections for crater loss 
Because of the relatively steep thermal gradient on Ganymede around 3.87 
Gya (and probably for Callisto around 4 .10 Gya) required to flatten 10 km 
craters to the observed degree, craters much larger than 10 km. that formed 
during this period, must have flattened beyond the limit of recognition. Because 
of this. the ages shown in Figure 35 {based on number of crater ~ 10 km in 
diameter) are probably slightly in error in the regions of the very steep thermal 
gradients. Also , a thermal gradient that continually increases with increasing 
age, at the derived rate, is not a physically reasonable assumption, thus, the 
possibility that the thermal gradient was maintained more or less constant 
prior to 3. 9 Gya wlll now be investigated. 
1f the thermal gradient was indeed maintained constant at a reasonably high 
thermal gradient (> 8 K/km, but less than the 14· K/km calculated earlier). then 
the amount of relaxation occurring during a relatively short interval of time can 
b~ greater than the subsequent relaxation over the rest of geologic time when 
the thermal gradient is much less. Studies of crater relaxation indicate that a 
thermal gradient of about 8 K/km (L =0 .8 km) maintained constant over a 
period of time of about :00 My priol' to 3 .9 Gya. will allow sufficient relaxation of 
10 km craters so that wtth the subsequent relaxation after 3.9 Gya. the 
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resultant crater form "Will be very much similar to the most flattened 10 km 
craters observed on Ganymede (Figure 37). At the end of this 100 My period of 
steady high heat flow, 30 km craters will be extremely flattened and essentially 
none of tbc original relief will be preserved for the remaining "'4 Gy: the 30 km 
craters that formed at times closer to the beginning of the exponential dropoff 
stage (i.e. near the end of the steady state h igh heat fiow) will be preserved in 
varying degrees depending on exactly when they formed . A 50 km diameter 
crater will flatten beyond the threshold of recognition if they are allowed to 
flatten for 100 My with a steep viscosity gradient (L = 0.8 km) as is illustrated in 
Figure 37 ; the threshold of recognition occurs approximately where the max-
imum relief in a relaxed crater is less than "' 1 00 meters . With a maximum topo-
graphic relief of"' 100 meters, it would not be difficult to erase a crater by burial 
beneath the ejecta deposits of nearby craters, or by gardening of the surface by 
small primary and secondary projectiles . Almost all of the 50 km d iameter 
craters will be preserved if they formed during the exponential dropoff period 
after the thermal gradient drops below about 6K/ km (Figure 35) . The preserva-
tion of small craters , thus, dates back to a period much earlier than does the 
preservation of large craters; this is what is observed on Ganymede and Callisto 
where crater ages from craters ~ 10 km in diameter are generally older than 
crater ages from craters ~50 km in diameter , based on the assumption of a 
population index of -2.2 for the size distribution of the craters produced by 
impact (Passey and Shoemaker, 1982 ; Passey, in press) . The modified thermal 
history of Ganymede that satisfies taking into account of the loss of large 
craters at an early period, is shown by the regions marked by the question 
marks (?) in Figure 35. A possible early thermal history is shown by the broken 
line corre2ponding to a constant thermal gradient of about 8 K/ km with t he 
preservatian of 10 km craters dat ing back to about 4.0 Gya . From the data on 
208 
10 km 
3Qkm 
sokm 
FIGURE 37 - Three different diameter craters, 10, 30, and 50 km, are shown 
here in their initial and final stages, assuming that the viscosity at the top of 
the lithosphere is 1026 poise , thee-folding depth for viscosity L is a constant 0 .8 
km, and that the flattening occurred over a time period of 108 years . 
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the degree of relaxation of craters on Ganymede, it is neither currently possible 
to uniquely determine the value of the hypothetical plateau region of thermal 
gradient nor is it possible to resolve the time dependence of the transition from 
a plateau region to the beginning of the exponential decline in the thermal gra-
dient with time. From the analysis of crater relaxation, it is suggested that the 
thermal gradient on Ganymede at about 3 .85 Gya was at, or exceeded, 8K/km; 
for Callisto the thermal gradient at about 4.1 0 Gya was at or exceeded about 3 
Klkm. From about 3.85 Gya on Gan.rmede, and 4.1 0 Gya on Callisto, the thermal 
gradients can be modelled to have dropped off exponentially with characteristic 
times of about 108 years. 
Observed distribution of crater densities and model ages 
It has been shown previously that crater retention ages vary over the sur-
faces of Ganymede and Callisto (Passey and Shoemaker, 1982 ; Passey, in press; 
Plesc:ia and Boyce, in preparation). Generally, near the apex of orbital motion of 
these bod1es (in the leading hemisphere), crater retention ages are calculated to 
be between 50 and 300 My younger than regions near the antapex (in lhe trail-
ing hemisphere). These lo.cal age differences have been attributed to preferen-
tial loss of craters by viscous rela;mtion in the leading hemispheres resulting 
from the thermal effects arising from the presence of a regolith of variable pro-
perties (Pa.ssey, in press; Shoemaker et al., 1982) . Also , the crater retention 
ages calculated from spatial crater densities at different diameter craters vary; 
gcnci-ally lhe age calculated from densities at large crater diameters is less than 
thE- age calculated from the densitie s at smaller crater diameters. This is inter-
preted to indicate that large craters are not retained from as early a period in 
time as were small cra ters (Passey, in press; Passey and Shoemaker, 1982) . 
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Comparison of profiles of craters in the leading hemispheres of Ganymede 
and Callisto w1th profiles of craters in the trailing hemisphere showed no 
significant difference in degree of relaxation. The heavily cratered terrain near 
the antapex of Ganymede (0° 'K, 270' W), has been estimated to be roughly 200 
My older than the heavily cratered terrain near the apex (Shoemaker et al., 
1982) ; if this age difference is real, some mechanism must lead to more rapid 
flattening of craters in the leading hemisphere than in the trailing hemisphere. 
A probable mechanism leading t0 differences in viscous relaxation of craters 
between the leading and trailing hemispheres arises from the differential 
development of an insulating regolith. Shoemaker and others (1982) have 
shown that such a regolith must be present on Ganymede to explain the 
observed flattening of craters in the polar regions . The thickness of the insulat-
mg layer is controlled by the rate of regolith production versus the rate of rego-
lith annealing. They point out that the base of the insulating regolith probably 
follows a threshold isotherm at which significant vapor transport of water 
occurs. Below this base, the icy regolilh tends to be thermally annealed, and its 
conductivity would approach the conductivity of the solid icy bedrock. Above 
U1is base, the regolith remains a thermal insulator with a conductivity much 
less that of the icy lithosphere. The term insulating regolith will be used in dis-
cussion of this upper unannealed portion of the regolith. 
Because of the greater cratering rate in the leading hemisphere, the rate of 
regolith production there wiil be higher than in the trailing hemisphere. As long 
.i s the hent flow from the interior is s ufficiently high, the temperature at the top 
of Lhe lithosphere (i.e. aL the base of the insulating regolith) will be maintained 
constant at the annealing temperature of the regolith. If both the heat flow and 
c.: r atering rat e decline with time at about the same rate, the temperature at the 
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top of the lithosphere will ultimately decline because the level at which the rego-
lith was previously annealed (during a period of high heat flow) is now h igher 
than would be dictated by the lower heat flow. and no significant amount of new 
regolith would be formed because of the lower cratering rate. This decrease in 
temperature at the top of the lithosphere would result in an increase in the 
effective viscosity at that point. and because of the higher impact rate in the 
leading hemisphere, the cooling and stiffening at the top of the lithosphere 
would occur first in the trailing hemisphere and gradually progress toward the 
leading hemisphere as bombardment dropped off. This mechanism would 
operate under conditions of globally uniform heat flow. 
We will now discuss the details of such a model. Because we will be concerned 
with temperature and viscosity changes near the surfaces of Ganymede and Cal-
listo, it is important to look at the history of the surface temperature due to 
insolation . Theoretical solar models suggest that at "'4 Gy the luminosity of the 
sun was about 30% less than at present (Bahcall et al. , 1982; Torres-Peimbert et 
al.. 1969). This would translate into a temperature decrease at the surface of 
from the current ~20K near the equator, to about 110K at "'4 Gy. The histories 
of the solar luminosity (Bahcall et al., 1982) and of the corresponding surface 
t emperature of Ganymede, assuming that the albedo has been constant, are 
3hown in Figure 38a. 
If the impact rate is known, it is possible to calculate the global average rate 
of regolith production. From calculations presented in Shoemaker et al. ( :.982) 
the rate of regolith production (in meters/year) as a function of time is given by 
oh - 0 2Lf 1 1 5 X 10-8y r - 1 + 2.63 X 10-8yr-1 X Ot - . - - .... ( 17) 
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exp (6.93 x 10-6 yr-1 x [t - 3.3 x 109yrs ])] 
where h is the regolith thickness in meters, and t is time in years. Integrating 
( 1 7) for the total regolith thickness developed on Ganymede since time ti yields 
h = 0.24- [1 .15 X 10-6yr-1(ti- t) + 3 .794 X 
[exp (.693 X 10-8 X [ti - 3.3 X 109]) -
exp ( .693 X 10-8 X [t - 3.3 X 109])]] 
( 1 B) 
where h is the total integrated regolith thickness (in meters) developed on a 
surface from time ti to time t . The total thickness of the regolith h produced, 
until the present day, on a surface of a given age is shown in Figure 3Bb. A sur-
face at 90° from the apex that is older than 4 Gy would have a regolith thickness 
in excess of 100 meters, whereas on a surface (or crater) that is "'109 years old, 
the total regolith produced to the present would only be about 4- meters thick. 
If we assume that the regolith has a conductivity much lower than the con-
ductivity of solid ice, then it is possible to determine the temperature offset 
across the regolith at any given time using the derived history of the thermal 
gradient (Figure 35). A simple two layer model for the regolith will be used here; 
the top layer is assumed to have a conductivity 10-4 that of solid crystalline ice, 
in agreement with thermal inertia measurements of Ganymede by Hansen 
(_973), and the lower layer is assumed Lo have a conductivity of 2 x w-s that of 
solid crystalline ice (higher because of compaction) . The temperature offset t::. T 
across the regolith can be expressed as 
( 19) 
where h is the thickness calculated in (1 B), and hu is the thickness of the upper 
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FIGURE 38 - (A) The normalized solar luminosity is shown by the broken line 
as a function of time in t!"le past (from Bahcall, et al., 1982); a lso shown is the 
corresponding equatorial surface temperature. (B) The integrated t hickness of 
the regolith as a funct10n of time is shown in this figure . (C) The t emperature 
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ture that Lhe top of the lithosphere (base of t he regolith) can attain becau se of 
thermal annealing of the l'egolith. 
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layer; hu will be nominally taken as 0.5 m . The history of the temperature offset 
!:!. T across a regolith on Ganymede is shown in Figure 3Bc. Equatorial tempera-
ture offsets 6 T in excess of "'20K are probably not realistic for Ganymede and 
Callisto because of thermal annealing within the regolith; this will be discussed 
below. 
It is now possible to calculate the temperature at the top of the lithosphere 
(temper ature at the base of the regolith) by convolving the temperature offset 
c.cross the regolith 6 T (Figure 3Bc) with the surface surface temperature Ts 
(Figure 38a); this is shown in Figure 38d. Because of thermal annealing of the 
regolith at temperatures in excess of "' 130K, the temperature at the top of the 
lithosphere h probably does not exceed this value; the thermal behavior of the 
annealed regolith is assumed to be similar to that of the icy lithosphere. Thus, 
prior to approximately 3 Gya, the value of TL would be maintained approxi-
mately at"" 130K. corresponding to a viscosity of 1026 poise , and by the present 
the value of TL, at equatorial latitudes , would have dropped to "' 125K, 
corresponding to a viscosity of approximately 1027 poise . 
The degree of preservation of the Gilgamesh basin on Ganymede allows an 
upper limit to be pla ced o~ the viscosity at the top of the lithosphere during the 
period in which the collapse occurred. By modelling the collapse of the central 
depression of this structure (for which a photodinometric profile was obtained, 
Figure 14) it was found that the maximum value that the surface viscosity could 
h ave and allow for the observed flattening is ""1027 poise; 1028 poise is too 
viscous to allow Gilgamesh to collapse to its current state . Because Gilgamesh is 
at 60° latitude, we cannot determine the present upper limit to the viscosity. 
Assuming that the viscosity at the top of the lithosphere has increased with 
time from 1026 to ! 027 poise, then the value of the calculated e-folding depth for 
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the viscosity gradient today (Lp should be decreased by approximately a factor 
of 2.0 to 2 .5): the values derived for L 1 and Tv will not change significantly 
because these are constrained during the period in which the viscosity was 
maintained at 1026 poise. The corrected value of Lp for the heavily cratered ter-
rain of Ganymede is from 4 to 5 km; for Callisto Lp would be 5 to 15 km. For the 
g::-ooved terrain of Ganymede, the value for Lp would be 3 to 5 km. 
The variations discussed above allow for corrections to be made to the 
derived thermal history (shown in Figures 35 and 36) . The best estimate for the 
history of the heat flow, incorporating these changes is shown in Figure 39. 
Here, the heat !low was maintained more or less constant until """4.1 Gy for Cal-
listo, and "'3 .9 Gy for GanyTIJ.ede at a value of approximately 2 .4 x 10-2 W m-2 
and 3.2 x 10-2 W m-2 , respectively. After these times the heat flow dropped off 
exponentially, and the present values are 8 ± 2 x 10-3 W m-2 and 6 ± 2 x 10-3 W 
m-2 , respectively.for the heavily cratered terrains of Ganymede and Callisto. 
The heat flow through the grooved terrain of Ganymede, at any given time, would 
be approximately 5 ± 2 x 10-3 W m-2 higher than for the heavily cratered ter-
rain on Ganymede. 
Adaptation to other cratering time scales 
The proposed cratering time scale of Shoemaker and Wolfe (1962) assumes 
thaL the cratering rate on Ganymede and Callisto has been more or less uniform 
during the last 3.3 Gy: prior to 3 .3 Gya, it was assumed that in addition to the 
constant flux, there was an exponentially declining flux with time, referred to as 
the heavy b ombardment: a high early flux is requiretl because the observed den-
sity of craters is much too great to be explained by a constant impact flux over 
geologic time. By comparison with the lunar record, it was assumed that this 
high early impact flux decayed exponentially with time. The e-folding time of 
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this exponential bombardment THB• was assumed to be lOB years, modelled after 
that observed for the Moon . In that most of the change in the thermal gradient 
in Ganymede and Callisto occurred prior to "'3.3 Gya , the flux of impacting 
objects on these satellites during the period of the rapid change in thermal gra-
dient, was dominated by the exponentially declining 'heavy bombardment", and 
this results in the high time resolution for crater relaxation between 4 and 3 
Gya. 
The time constant for the changing thermal gradient was determined, in the 
previous sections, to be between 7 x 107 and 2 x lOB years; coincidentally, these 
values are roughly similar to the assumed e-folding time constant THn for the 
dropoff during heavy bombardment. If one assumes a different time constant 
THB for the decline during a 'heavy bombardment" period, then the correspond-
ing change in the calculated e-folding time constant, for the changing thermal 
gradient e>.nd heat flow, will be approximately proportional, but the value for the 
initial thermal gradient ·will change; the value of the final thermal gradient, how-
e\'er, is quite insensitive to any but extreme changes in the proposed ages of the 
surfaces of Ganymede and Callisto. 
If we assume that THB was 2 x lOB years (instead of 1 oB years) then the 
approximate e-folding time constant for the changing thermal gradient and 
heat flow will be "' 2 x :08 years, but the initial thermal gradient would be 
roughly 1 to 2 K/km less than the 8 K/km derived . This is required because of 
the longer time for significant crater relaxation to occur during a period of a 
relatively steep thermal gradient. 
Generally, it can be stated that the derived rate of dropoff of thermai gra-
dient and heat flow will mimic the assumed dropoff rate in the impact flux; 
rapid rates of dropoff in the impact flux requires that the derived early thermal 
gradients be higher than if the dropoff rate of impact flux is much lower. 
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ABSTRACT 
High resolution Voyager II images of Enceladus reveal that some regions on 
its surface are highly cratered; the most heavily cratered surfaces probably date 
back to a period of heavy bombardment. The forms of many of the craters, on 
Enceladus, are similar to those of fresh lunar craters, but many of the craters 
are much shallower in depth, and the floors of some craters are bowed up . The 
flattening of craters, and bowing up of the floors, are indicative of viscous relax-
ation of the topography. Analysis of the forms of the flattened craters suggests 
that the viscosity at the top of the lithosphere, in the most heavily cratered 
regions, is between 1024 and 1025 poise. The exact time scale for the collapse of 
the craters is not known, but probably was between 100 My and 4 Gy. The 
flattened craters are located in distinct zones that are adjacent to zones, of 
similar age , where craters have not flattened . The zones where flattened craters 
occur possibly are regions in which the heat flow was (or is) higher than in the 
adjacent terrains . Because the temperature at the top of the lithosphere of 
Enceladus would be less than, or equal to that of Ganymede and Callisto, if it is 
covered by a thick r egolith, and because the required viscosity, on Enceladus, is 
one to two orders of magnitude less than for Ganymede and Callisto, it can be 
concluded t ha.t the lithospheric material, on Enceladus , is different from that of 
Ganymede and Callis to. Enceladus p!'obably has a mixture of ammonia ice and 
water ice in the lithosphere, whereas the lithospheres of Ganymede and Callisto 
are composed primarily of water ice. 
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FIGURE 1.- High resolution filtered image of Enceladus. 
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INTRODUCTION 
Relatively low resolution Voyager I images of Enceladus ("' 11 km/lp) failed t o 
reveal any craters; at similar resolution, many cr aters were observed on the 
other Saturnian satellites. It was concluded that if crater s a r e present on 
Enceladus. they must be much smaller a n d/or more subdued than those on 
1~imas (Smith et al., 198: ). The much higher r esolution images acquired by Voy-
ager II (Fig. 1) revealed that craters are present on Enceladus but that many 
display subdued relief; in addition, much of Encelad us has been resurfaced and 
there are large areas with very low crater density. P art of the resurfaced area is 
somewhat similar to the grooved terrain on Ganym ede; also, the crater densities 
on some of these surfaces suggests that the you ngest terrains are of order a few 
hundred million years old (Smith et al., 1982) . The mechanism that has been 
p r oposed to produce the required heating need ed for an internally active 
Enceladus is tidal heating (Yoder, 1979; Stevenson and Anderson 1981) . 
OBSERVATIONS 
From the highest resolution images obtained of En celadus (Fig. 1 ), it can be 
seen that there is a great range in spatial crater d ensity on the variou s ter rains 
of Enceladus. Some areas are h eavily cratered with the density of approxi-
mately 1000 craters ;;::: 10 km /1 06 km2 ; other areas do not exhibit any visible 
craters at similar resolution. In the heavily cr atered regions , many craters a r e 
extremely flattened while others display b owed u p flo ors. 
Pho toclinometry 
In order to study t he topographic relief of the features on Enceladus in 
greater d etail, the technique of photoclinometry was applied (Bonner and 
Schmall. 1973; Squyres. 198 1; Passey and Shoemaker, in preparation) . To 
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BR IGH TNESS LONGITUDE 
FIGURE 2.-- Normalized intensity scan across the disc of Enceladus . The 
limb corresponds to brightness longitude +90° , and the terminator to -47°. The 
smooth solid line shows a Lommel-Seeliger function fit to the data al brightness 
longitude 0° . 
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obtain accurate photoclinometric profiles, the photometric function of the sur-
face material must be known. Figure 2 shows a comparison of a scan, from Voy-
ager 2 image 44004.20, across the disc of Enceladus, with a theoretical Lommel-
Seeliger function; this fun ction was used successfully to model the observed 
photometric behavior of the surface of Ganymede (Squyres and Veverka, 1981). 
As can be seen, the theoretical function fits the data quite well for photometric 
longitudes less than 50°. The form of the theoretical function is 
I= C J..Lo 
( J..Lo + f-L ) (1) 
where I is intensity, C is a constant , f-Lo = cos(i), and f-L = cos(E), i is the 
incident angle and E is the emission angle. Knowing the values for i, E, and the 
phase angle for a given location, it is possible to calculate the value of the con-
stant C using the observed image intensity I . Within an area of uniform albedo, 
the variation in the observed intensity of a given picture element (pixel) can be 
related to average absolute slope within the phase plane of the region covered 
by that p ixel; then, from a string of adjacent pixels , it. is possible t.o construct 
two-dlmensional topographic profiles of the crater or feature of interest by 
integration of adjacent slopes, as is discussed by Squyres (1981). 
Geo logical Terrains 
As is discussed in Smith et al. ( 1982), the surface of Enceladus is made up of 
several distinct terrain units; these terrains differ in both the spatial density of 
superposed craters as well as in surface morphology. The terrain units used in 
this paper (shown in Figure 3) are similar to those discussed by Smith et al. 
(:982), but differ in both classification and boundary locations. 
Cratered Terrain 1 ( CT 1) .-- One type of terrain (CT1) displays craters that 
are extremely flattened or subdued (Smith et al., 1982), with depths much less 
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FIGURE 3 .-- Generalized geologic map of Enceladus; the divisions are those 
discussed in this paper. Cratered terrains CTl-A through CTl-D are regions in 
which the majority of the superposed craters display very subdued topographic 
relief. Terrains CT2 through CT4 are regions discriminated by the density of 
superposed craters. Plains terrain P l is similar to the grooved terrain on 
Ganymede, and terrain P2 is a smooth plains unit. 
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ENCELADUS 
FIGURE 4 .-- Photoclinometric profiles of six craters showing subdued relief 
and/or bowed up crater floors, indicative of viscous relaxation of relief. Profiles 
A through D are from craters within terrain CTl -A; profiles E and F are from 
craters within terrain CT2. o vertical exaggeration or removal of the planetary 
curvature is used in the construction of these profiles . 
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than the depths of similar size fresh lunar craters . Four separate regions of 
this terrain type have b een identified on Enceladus for this study (Figure 3) . 
Photoclinometric profiles of craters, located in CT l. that are extremely 
flattened, or display bowed-up floors, are shown in Figure 4 (profiles A-D) . The 
maximum depths (below the crater rim) for a given size crater located in CTl is 
generally much less than for a similar size fresh lunar crater; this is shown in 
Figure 5. 
As was noted by Smith et al. (1982), the density of craters in the region that 
d isplays the relaxed craters (CT l-A) is about the same as the region in which 
craters 10 to 20 km in diameter have well preserved topography (CT2). They 
conclude from this that the two regions have experienced different thermal his-
tories . The boundary b etween these two terrains is not well defined and appears 
diffuse. A gradational boundary between CTl and CT2 suggests that, at one time, 
there was a gradient in the heat flow between these two regions . 
Examination of the morphology of craters within CTl -A reveals that, for 
craters larger than 8 km in diameter, approximately 75% are substantially 
flattened, and 25% appear relattvely fresh and unrelaxed. In contrast with what 
is obser ved on Ganymede, where craters are observed in all stages of relaxation, 
the craters in CTl -A a re either highly flattened or fresh. This suggests that the 
crater flattening occurred as a discrete event sometime after the formation of 
75% of the craters, but before the final 25% of the craters formed. 
Terrains CT 1-B and CTl -C (Fig. 3) have quite sharp boundary contacts with 
the a djacent plains . Figure 6 shows an enlargement of these regions with an 
accompanying sketch map. The contacts of terrain CTl-B with the surrounding 
rippled plaiP..s unit appear to be fa ult controlled. Faults also appear to form the 
western boundary of CTl -C with the rippled plains unit. Along this boundary two 
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0 50 km 
FIGURE 6.-- Enlargement of an area showing the boundaries between terrains 
CTl-B, and CT~-C with their surrounding terrains The shaded regions, on the 
accompanying sketch map, correspond to terrain CTl. The arrows mark the 
locations of craters that appear truncated (see text for discussion). 
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craters (large arrows, Figure 6) apparently have been truncated; careful exami-
nation of the shape and c ircularity of the two "truncated" craters, however, 
reveals that if they have been truncated, they have also been deformed by hor-
izontal strain. The magnitude of the strain is between 10% and 30%, after 
correction for foreshortening . These two "truncated" craters are not necessarily 
cut and strained, however, but may be composites of superposed craters . The 
sketch m ap (Fig . 6) shows one possible interpretation of crater superposition 
that may have resulted in the illusion that these two craters are ''truncated and 
strained"; it should be noted that at least two unambiguous cases of truncated 
craters are a lso shown in Figure 6 (small arrows). 
The eastern boundary of terrain CTl -C and CT2 is gradational but is fairly 
well defined . One crater along this boundary, on terrain CT2. appears to be 
embayed by the material in CT1 -C. The entire patch of CT1-C terrain may have 
been resurfaced by flooding; any preexisting craters that were not completely 
filled , would now appear much shallower than fresh craters , as do nearly all of 
the craters found within CT1-C. 
A fourth terrain that displays craters with extremely shallow depths is CTl -D 
(Fig. 3) . In this region. the vestigial rims of several relatively large craters (""20 
km diameter) can be identified . The expected density of craters smaller than 10 
km in diameter that would accompany the larger craters, is not found, however. 
1f craters have d isappeared by viscous relaxation of the topography, the large 
craters would flat ten at rates much faster than the smaller craters, and so 
there should be a relative deficiency of large craters; this is not what is 
observed. If, on the other hand, the region was flooded, the largest craters 
would be the last features to disappear. The observed distribution of craters 
su ggests that t his region has experienced incomplete resurfacing by flooding . 
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FIGURE 7.--Photoclinometric profiles of five fresh craters on terrains CT2 
and CT3. 
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Cratered Terrain 2 (CT2). -- This terrain is characterized by a relatively 
high spatial density of craters ; the density of craters on CT2 is essentially the 
same as for CT1-A (J.B. Plescia. personal communication) . Topographic relief of 
most craters in CT2 is well preserved, in contrast to the flattened craters found 
in the adjacent terrain CT1-A. Although most of the craters disp lay well 
preserved topographic relief. several of the largest craters (diameters > 20 km) 
exhibit bowed up floors ; photoclinornetric profiles of two of these craters are 
shown in Figur e 4 (profiles E & F). Craters in CT2 that are within "'20 km of ter-
rain boundary with CTl (Fig. 3) generally have shallower depths than similar size 
craters located well away from the boundary with CT1 (see Figure 5). Represen-
tative examples of profiles of relatively fresh appearing craters in CT2 are shown 
in Figure 7. 
Cratered Terrains 3 and ? ( CT3 & CT 4). -- These terrains are distinguished 
from CT2 by a low density of supe:::-p::>sed craters. The density of craters in CT3 
is slightly h igher than that in CT4 {Smith et al., 1982) . All craters within these 
terrains appear relatively fresh and exhibit nearly lunar-like depth-to-diameter 
ratios . Several linear grooves or scarps, intersecting at angles close to 90°, cut 
these two terrains (Plescia and Boyce, 198 1). 
Plains Terrains (P l & P2). -- At least two types of plains units are present 
on Enceladus. The first type (Pl) is marked by long ridges and furrows some-
what similar to those found on the grooved terrain on Ganymede. The second 
type of plains terrain (P2) is essentially a smooth plain that is cut by rare 
grooves . 1\either terrain exhibits any definite craters, and the ages of these sur-
faces have been estimated to be, at most, a billion years (Smith et al., 1982). 
Three photoclinometric profiles across ridges and furrows in P 1 are shown in 
Figure 8; the locations of these profiles is shown in Figure 9. The spacing 
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FIGURE 8 .-- Three photoclinometric profiles across the rippled plains indi-
cate that the heights of the ridges range from a few hundred meters to approxi-
mately 1 :.12 km. 
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between r idges ranges from about 7 to 15 km; the heights of the ridges range 
from a few hundred meters to approximately 1.5 km. The boundaries of these 
terrains with the cratered terrains are generally sharply defined. In some places 
the boundary is linear and craters are truncated at the boundary. 
DISCUSSION 
Source regio n for crat e r forming bodies 
ln order to obtain any information about the age of the flattened craters , 
and, thus, about any time limits as to how long it has taken to flatten them, it is 
necessary to discuss the possible source regions for the impacting bodies 
responsible for the formation of the observed craters . It has been suggested 
that Enceladus has been disrupted and reaccret ed about four limes since the 
last global resurfacing of Iapetus (Smith et al. , 1982); the disruptions are prob-
ably a result of collisions with large objects that were in orbit around in the sun 
(i.e. possibly dynamically evolved Uranus and Neptune planetesimals). Objects 
t hat are at the same distance from Saturn as Enceladus (possibly objects in 
Lagrangtan, or in horseshoe orbits) have also been subjected to this bombard-
ment by extra-Saturnian objects, but these smaller objects will be smashed up 
at much faster rates; the fragments resulting from these collisions will not be 
gravitationally bound to each other (as would the large fragments of Enceladus), 
and they will be d ispersed into orbits that are different than before the collision; 
but these fragments will remain to cross the orbit of Enceladus and will have a 
high probability of impacting Enceladus . 
The majority of craters on Enceladus can be classified with the Population II 
craters observed on the other Saturnian satellites; this classification is based on 
the obsen-ed size-distribution of craters. As is d iscussed by Smith et al. (1 981, 
1982) , the Population I craters probably resulted from the impacts of objects 
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FIGURE 9.-- Sketch map showing the locations of the three photoclinometric 
profiles in Figure 8. 
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that originated in regions external to the Saturnian s ystem; it is presumed that 
the Population I objects were also responsible for most of the craters observed 
on Ganymede and Callisto . The population II craters probably are formed by 
impact by orbiting debris from collisions between Population I projectiles and 
small Saturnian satellites. It is probable, therefore, that most of the craters 
observed on Enceladus were formed by objects that originated within the Satur-
nian system; furthermore, it is probable that these objects were fragments pro-
duced by the disruption of small bodies at Enceladus' orbit. 
Because of the stochas tic nature of the collision of objects external to the 
Saturnian system, with small bodies at Enceladus' orbit, it is not possible to 
determine the age of the surface units on Enceladus by counting the Population 
II craters. The probability of a collision of an extra-Saturnian object with a pos-
sible Lagrange satellite of Enceladus , however, would be much greater during the 
period of heavy bombardment, when the Population I objects were much more 
numerous . Thus , even though the craters on Enceladus might have been formed 
after the heavy bombardment period, chances are that they formed during this 
period (i.e. > 3.3 Gy). For the remainder of this paper , it will be assumed that 
the oldest surfaces on Enceladus are older than "'3.3 Gy. 
Theoretical model for crater relaxation 
Highly relaxed craters were observed on Ganymede and Callisto, and, from 
modelling the relaxation process, constraints were placed on the rheological and 
thermal histories of these bodies (Passey and Shoemaker, in preparation). For 
the analysis of the flattened craters on Ganymede and Callisto, it was assumed 
that the fla ttening was due to viscous relaxation of topography in the icy litho-
spheres , with gra\ity producing the driving force (i.e. isostatic relaxation). The 
discovery of flattened craters on Enceladus was somewhat surprising in that the 
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relaxation of topography requires that the effective viscosity at the top of 
Enceladus' lithosphere at one time must have been "'20 times less than the 
efi'ectie viscosity at the top of the lithospheres of Ganymede and Callisto. This 
lower viscosity is required because of the much lower surface gravity on 
Enceladus . ::"Jevertheless, the existence of bowed up floors is diagnostic of 
viscous relaxation of topography. and much of the flattening and bowing up of 
craters observed on Enceladus is almost certainly the result of viscous relaxa-
tion . 
Because of the low bulk density of Enceladus of 1.1 g em-s (Smith et al., 
198 1) . it is assumed that the satellite is composed of ices; presumably water ice 
is the predominant type. The viscosity of water ice is a strong function of the 
temperature, and, for any temperature gradient in the lithosphere increasing 
with depth, will be expressed as a decreasing viscosity gradient with depth. For 
water ice , a linear thermal gradient roughly translates into an exponential 
viscosity gradient. 
The model used to study the theoretical relaxation of a crater on Enceladus 
is essentially the same model as is presented in Passey and Shoemaker (in 
preparation), and follows the methods of Danes (1965, 1968) and Brennen 
(1974); a s1milar model is presented by Parmentier and Head (198 1). The model 
used here allows for the viscosity to be an exponential function of depth, but, in 
contrast w1th the analysis for Ganymede and Callisto , the viscosity gradient is 
assumed to be constant with time. The details of the theoretical model can be 
found in Passey and Shoemaker (in preparation) . Of interest for this paper is 
the values for the viscosity at the top of the lithosphere, and the viscosity gra-
d ient with depth; the e-folding depth for decreasing viscosity is here designated 
as L . 
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COMPARISON OF MODEL 1riTH DATA 
Time scale for crater collapse 
Because the oldest surfaces on Enceladus are the same as the r egions in 
which the fiattened craters are observed (CTl -A), and because these surfaces 
are probably older than "'3 .3 Gy, it is possible, although not likely, that the co l-
lapse of craters has occurred over a time period of 3 Gy or longer . Cratered ter-
rain CT2 is approximately the same age as terrain CT: -A, but most of the craters 
on CT2 show only slight relaxation of topography; these craters (on CT2) have, 
therefore, lasted for at least "'3.3 Gy without significant relaxation . 
Approximately 25% of the craters on terrain CTl -A show little flattening of 
their topography, and, thus, it is possible that the observed fiattening of the 
craters on terra in CTl-A, occurred during a relatively short time interval, possi-
bly during a pulse of 100 My or less. For analysis in this paper, it will be 
assumed that the relevant time scales for the observed crater flattening is 
between 100 My and 4 Gy; these two values will be studied as limiting cases. 
Constrain ts o n lithos pheric viscosi ty 
The highly fiattened craters of interest are all found within terrain CT1, or 
within "'20 km of CT: terrain boundary. If we assume that these craters have 
been relaxing for "'4 Gy in a medium of constant viscosity state, then it is possi-
ble to define a range in which the viscosity must lie. For this analysis, r elaxation 
of craters of two d iameters, 8 km and 30 krn, will be modelled. These two crater 
sizes were chosen because some 8 km craters are significantly fiattened on 
Enceladus (Figure 4, profile A), whereas , some 30 km diameter craters are only 
moderately fiattened (Figure 4, profile F). 
As is shown in Figure 10, 8 km diameter craters will not be preserved for 4 Gy 
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8km 
--------- 10 2 3 
L=CO 
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L=.25 km 
FIGURE 10.-- The theoretical viscous flattening of an 8 km diameler on 
Enceladus crater is shown here . The initial and final crater profiles (after 4 Gy) 
are tllustrated for various choices for the surface viscosity (e.g . 1022 etc.) and 
vanous e-folding depths for viscosity (L ) . 
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TABLE I - Range of possible viscosities at the top of Enceladus' lithosphere based 
on 8 km r elaxed craters ; two d ifferent time scales for collapse are studied, 4 Gy, 
and 100 :1-i~y. 
Surface Viscosity1 E-folding depth E-folding depth 
TJo of viscosity of viscosity 
(p oise) 4 Gy 100 My 
1 o2s Too viscous Too viscous 
1025 0.25 - 0.5 km Too viscous 
1 o24 0 .5 - 2 .0 km 0.25 - 2.0 km 
1023 2 .0 - Infinity 3 .0 - Infinity 
1 o2z Viscosity too low Infinity 
1 At the top of the lithosphere. 
244 
if the viscosity of the medium (here assumed to be a viscous half space, L = 
infinity) is less than :023 poise; also, even if a very steep viscosity gradient is 
assumed (L = 0 .25 km), a viscosity at the top of Enceladus' lithosphere of 1026 is 
loo high to result in sufficient relaxation of an 8 km d iameter crater in 4 Gy. 
Thus. in order to explain the observed flattening of 8 km craters on Enceladus 
in 4 Gy, the viscosity at the top of the lithosphere must have been between 1023 
and : 025 poise; the range in e-folding depths for the various viscosities are given 
in Table I. 
If it is assumed that the flattening of the 8 km craters occurred over a 100 
1ly time period, limits to the viscosity can be determined from analogous argu-
ments . From Figure :1, it can be seen that flattening of an 8 km diameter 
crater in 100 Y..y requires that the viscosity of a uniform half space would have 
to be between 1021 and 1022 poise. If we assume a steep viscosity gradient dur-
ing this p eriod (L = 0.25 km), the required viscosity at the top of the lithosphere 
is less than "' 1025 poise; the determination of the viscosity depends on the 
choice for the e-folding depth of viscosity L, and the appropriate values are 
shown in Table I. Thus , th~ viscosity at the top of the lithosphere of Enceladus 
that will allow the observed flattening of 8 km diameter craters is between 1022 
and 1025 poise. 
Next we examine the values fo r the viscosity at the top of the lithosphere that 
will allow the preservation of 20 and 30 km diameter craters over time periods 
of "' 3. 3 Gy; these are the craters preserved on terrain CT2. Figure 12 shows the 
theoretical relaxation of a 30 km crater in a media of various viscosities . 
Ass·~ming that medium is a uniform viscous half space, the required viscosity is 
between 1023 and 1024 poise. If we assume that a moderately steep viscosity gra-
client has existed , then if the observed collapse of the 30 km diameter crater 
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Bkm 
' 24 10 
~ 
FIGURE 11.-- Same as for Figure 10 except that the final profiles assume that 
the flattening took place over a 100 My period. 
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shown in Figure 4 (profile F) occurred over a period of ""4 Gy, the required 
viscosity at the top of the lithosphere would range from 1025 to 1026 ; if the 
observed collapse of this crater has taken only 100 My, then the required viscos-
ity is approximately 1024 poise (using L = 1 km). In order to preserve craters 20 
to 30 km in diameter in their current states of flattening, requires a viscosity at 
the top of the lithosphere of between 10 23 to 1025 poise; for 20 km diameter 
craters that have not fiatter~ed significantly, the required viscosity at the top of 
the lithosphere is > 1024 poise, ass uming that these craters are older than 3.3 
Gy. The possible viscosity gradients associated with the choices for surface 
viscosity are given in Table II . 
It was found that the viscosity at the top of the lithosphere near the top of 
Ganymede's lithosphere was 1026 poise (Passey and Shoemaker, in preparation) . 
This value of viscosity is much too high to allow for the relaxation of any 8 km 
craters on Enceladus, regardless of the viscosity gradient assumed. The range 
in possible viscosities at the top of Enceladus' lithosphere is 1023 to 1025 poise, 
y,ith corresponding e-folding depths of viscosity ranging from infinity (half-space 
model) to less than 0.25 km. The implications of this will be discussed later. 
Assuming that the viscosity at the top of the lithosphere beneath cratered 
terrain CT l -A is the same a s that beneath terrain CT2, then a comparison of the 
results prese nted in Tables l and ll further constrains the value for the viscosity 
at the top of the lithosphere . It can be seen that 1026 poise is too viscous to 
explain the observed collapse of 10 km craters in CTl-A and that 1023 poise is 
not viscous enough to retam 30 km craters over a period of billions of years; 
hence, these values are excluded and the viscosity at the top of the lithosphere 
in CT:-A and CT2 on Enceladus mus t be between :024 and 10 25 poise. 
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30 km 
L=OO 
...._ _____ 1 0 2 4 
L=CO 
' 
1025 
II 
L= 1 km 
10 26 
L=1km 
10 
27 
L= 1 km 
FIGURE 12.-- Same as for Figure 10 except that these profiles are for 30 km 
diameter craters. 
248 
TABLE II - Range of possible viscosities at the top of Enceladus' lithosphere 
based on slightly relaxed 30 km craters and unrelaxed 8 km craters in CT2. 
Surface Viscosity 
17o 
1027 
1026 
1 o25 
1024 
10 23 
1 At the top of the lithosphere. 
E-folding depth 
of viscosity 
Too viscous 
0 .5- 1.0 km 
1.0 - 5.0 km 
3 .0- :0.0 km 
Viscosity too low 
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The relief observed within the plains terrain (P 1) can be retained for at least 
several hundred million years on Enceladus with a viscosity at the top of the 
lithosphere of 1024 to 1025 poise prov1ded that the e-folding depth of viscosity is 
greater than ""1 km. These values are only lower limits for the viscosity because 
no fialtened craters are present on these terrains. 
Formation of a regolith 
The presence of a regolith on icy satellites has been discussed , in detail, else-
where (Shoemaker et al. , 1982 ; Passey, in press; Passey and Shoemaker, in 
preparation). The presence of an insulating regolith can greatly increase the 
rate at which craters (and other topographic features) will flatten by viscous 
relaxation m an icy lithosphere. This must also be true for Enceladus . The 
predicted thickness for the regolith on the most heavily cratered terrains on 
Enceladus (CT1-A and CT2) is a few hundred meters to approximately 1 km 
(based on calculations presented in Shoemaker et al. , 1982). If the thermal con-
ductivity of a thick regolith on Enceladus is much less than for the solid litho-
sphere, as it must be. then a thermal gradient of a few tenths of a degree per 
km. in the lithosphere, could translate into a temperature offset across the 
regolith of many tens of degrees K. The maximum thickness of this regolith 
would probably be limited by thermal annealing at the "' 130K isotherm 
(Shoemaker et al.. 1982); but, eve n for this case, the minimum temperature 
ofLset would be approximately 60K (based on an equatorial surface temperature 
of "'70K) . This could substantially lower the effective viscosity at the top of the 
solid lithosphere in the regions of highest crater densities. 
Jt should be noted that the same thickness regolith (and, thus, the same tem-
perature at the top of the lithosphere) is predicted for both the CTl-A and CT2 
terrains . but that craters are h ighly flattened in CTl-A, but not in CT2; thus. the 
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variations in crater flattening between these regions probably reflect variations 
in the ancient viscosity gradient rather than differences in the viscosities at the 
top of the lithosphere. 
Terrains CT3. CT4. P: . and P2 (Figure 3) have been resur faced within the rela-
tively recent past, whether by flooding or other mechanisms; because the thick-
ness of the regolith depends on the cratering history, and because these regions 
have low crater dens ities, it is reasonable to assume that the regoliths on these 
terrain s are relatively thin, as compared to the regolith on the heavily cratered 
terrains. Accordingly, the temperature at the t op of the lithosphere in these 
regions will be much colder (app roaching t h e insola t ion controlled sur face t em-
perature for terrains with no regolith) than within terrains CT1-A and CT2. 
Thus, the VlScosities at the top of the lithosphere in the sparsely cratered 
regions will be much higher; the previously determined upper limit of 1025 poise 
for the viscosity at the top of the lithosphere in CT1-A and CT2, is only a lower 
limit for the other terrains of lower crater density. 
Thermal structure assll1Iling water ice 
From the determination that the viscosity at the top of the lithosphere was 
. between :024 and 1025 poise, in the regions of flattened craters, it can be con-
cluded that the lithospheric material in Enceladus is n ot exactly the same as for 
the lithospheric material of Ganymede and Callisto . This is because a tempera-
ture of "' :30 K is probably the highest temperature that an icy regolith can 
attain without annealing; assuming that the regoliths on Ganymede, Callisto , 
and Enceladus are thermally annealed, then the maximum temperature at the 
top of the lithospheres (i.e. at the base of the insulating regoliths) is "' 130K. For 
Ganymede and Callisto, this temperature corresponds to a viscosity of 1026 
poise , and for Enceladus , this same temperature would correspond lo a viscosity 
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between 1024 and 1025 poise. 
Jf, on the other hand, we assume that the regoliths on Ganymede and Callisto 
are thermally annealed at ""130K, but that the regoLith on Enceladus is not quite 
thick enough to be thermally annealed, which is probable, then the temperature 
at the top of the Lithosphere on Enceladus could be lower than "'130K. Even so, 
the derived viscosities are still one to two orders of magnitude less than for 
Ganymede and Callisto . This case definitely requires that the Lithospheric 
material on Enccladus differs significantly from that of Ganymede and Callisto. 
One possible difference could be a mixture of ammonia ice with water ice 
{Stevenson and Anderson, 1981) . The presence of a component with a low melt-
ing temperature probably would lower the effective viscosity of the mixture 
below that of pure water ice at temperatures a few tens of degrees below the 
eutectic temperature of the mixture. 
Assuming that the regolith on Enceladus is annealed at "" 130K, and assuming 
that the viscosity structure of the lithosphere is controlled predominantly by 
the water ice (not necessarily true, but a limiting case) then, the viscosity tem-
perature relation would follow that for water ice , and is given by 
TJ( T) = TJm exp[A •( T; - 1)] (2) 
where TJ (T) is the viscosity at temperature T , TJm is the viscosity at the melting 
point, T m is the temperature at the melting point, and A • is a constant depen-
dent on the creep activation energy. From the analysis of relaxed craters on 
Ganymede (Passey and Shoemaker, in preparation) the value for A • was found 
to be 25. Using TJm = 10 14 poise at T m = 273 K. it is possible to invert the derived 
viscosity gradients to thermal gradients. An e-folding depth of 0.25 km would 
correspond to a thermal gradient of > 20 K/km, and an e-folding depth of 0.5 
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km would correspond to a thermal gradient of "'10 K/km; similarly, L = 1.0 km 
corresponds to "'3 K/km, L = 3 .0 corresponds to "' 1 K/km. and L = 10 km 
corresponds to 0.5 K/km. It must be emphasized that these thermal gradients 
are for a pure water ice lithosphere and may not have any direct comparison if 
the lithosphere of Enceladus is a mixture of water ice and ammonia ice. 
CONCLUSIONS 
Enceladus has a complex geologic and rheologic history. The localized distri-
bution of relaxed craters suggests that discrete regions exist (or existed) in 
which the effective viscosity of the lithosphere is lower than in adjacent regions ; 
because the viscosity at the top of the lithospheres in these regions is probably 
the same, it implies that steeper viscosity gradients exist (or have existed) 
beneath some regions as compared to adjacent regions . These regions of 
steeper viscosity gradients probably were zones of higher heat flow. 
The effective viscosity at the top of the lithosphere of Enceladus, in the 
regions of the flattened craters , must be between 1024 and 1025 poise in order to 
explain the wide diversity in relaxed and unrelaxed craters of various diameters. 
These values for viscosity are one to two orders of magnitude lower than was cal-
culated for Ganymede and Callisto (Passey and Shoemaker, in preparation); 
because the temperature at the top of the lithosphere of Enceladus must be less 
than or equal t.o that on Ganymede and Callisto, (because of the presence of an 
insulating regolith) , the composition of the lithosphere of Enceladus must be 
significantly different than of the lithospheres of Ganymede and Callisto . The 
lithosphere of Enceladus may be composed of a mixture of water ice and 
.J.mmonia ice. 
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ABSTRACT 
Twenty-four new field measurements of elevation of Provo-level and 
Bonneville-level shoreline terraces provide data for reanalysis of isostatic 
rebound in the Lake Bonneville basin. Analysis of the differential rebound 
between the Provo shoreline (maximum rebound of 43 m) and the Bonneville 
shoreline (maximum rebound of 69 m) requires that the latter be an equili-
brium shoreline. Within the possible measurement errors. the Provo shoreline 
f::>rmed after the elastic lithosphere had attain ed at least 9 1 percent equilibra-
tion to the removal of the water load between the Bonneville and Provo shore-
lines; within the errors the Provo may also represent an equilibrium shoreline. 
From the new data presented in this paper, the best estimate of the upper 
limit of effective viscosity of the uppermost mantle, assuming a half-space 
model and a 2000 year time interval between the Bonneville and Provo shore-
li:J.es, is 2 x 1019 N sec m-2 (2 x 1020 poise}. In addition, comparison of shoreline 
rebound profiles , for both shorelines, with theoretical plate flexure models indi-
cates that the mean flexural rigidity of the Basin and Range lithosphere in this 
region is 1 x 1023 N m , or slightly less. 
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INTRODUCTION 
Lake Bonneville was the largest of the late Pleistocene lakes which occupied 
portions of the Great Basin of the Western United States. At the time of its max-
imum filling , the lake covered an area greater than 49,000 km2 (Fig . 1) and, in 
the central part of the lake, the maximum depth was approximately 340 meters . 
Gilbert ( 1890) made an extensive study of the shoreline features of Lake 
Bonneville and in so doing he identified several different shoreline levels . Later 
workers (Morrison, 1965; Bissell, 1963; Hunt, Varnes, and Thomas, 1953; Willi-
ams, 1962) have also contributed to an understanding of the history of Lake 
Bonneville. Gilbert a lso noted that the highest shoreline, the Bonneville, is at a 
higher elevation on what were former islands in the middle of Lake Bonneville 
than at the edges of the basin. He correctly concluded that the central uplift 
was in response to the removal of the water load from the earth's surface. It 
has been shown by both Gilbert (1 890) and Crittenden (1963a) that elastic 
deformation of the crust cannot explain the magnitude of the deformation 
observed. The d eformation must have resulted as an isostatic response to the 
load by viscous flow within the uppermost mantle . Crittenden's work set an 
upper limit of between 0.9 x 1021 and 2 x 1021 poise to the uppermost mantle 
from the analysis of the rebound of the Bonneville shoreline. 
Purpose of this study 
The objective of this study is to set a new and more restrictive upper limit to 
the effective viscosity of the uppermost mantle from new measurements of the 
rebound of both the Bonneville and Provo shorelines in addition to an analysis 
of the differential r ebound between these two shorelines. A reanalysis of the 
flex u r al rigidity of the lithosphere based on new rebound profiles of the shore-
lines within the Lake Bonneville basin is also included. 
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FIGURE 1 - W'hen at Its highest level (the Bonneville level), Lake Bonneville 
occupied the unpatterned area. The numbered solid triangles mark the loca-
tions of new elevation measurements of the Bonneville and Provo shorelines. 
The solid squares are measurements of Crittenden ( 1963). The open triangles 
mark the locations of similar measurements by Gilbert (1890) , and are listed in 
Table II . The heavy sohd lines show where the profiles in Figures 4 and 5 were 
constructed. Outlines of the present day Great Salt Lake, Utah Lake and Sevier 
Lake are dashed . 
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The field work for this project was carried out during the summer of 1979. 
The measurement method involved a hand level and 1.5 meter rod (Jacob' s 
staff) . Accurate topographic control was supplied from U.S. Geological Survey 
7-1/2 or 15 minute topographic qua.ndragle maps . Most of the elevations meas-
ured are linked to bench-mark elevations a!ld a re accurate to within ::: _ meter. 
Several measurements which could not be linked to bench-marks were refer-
enced to hill-top elevations or spot elevations and are probably accurate to 
within ± 2 meters . The elevations of the shoreline terraces are referenced to 
the point of inflection of the terrace with the hill slope above the terrace. The 
precision of measurement of this point is generally within ± 1 meter. 
History of Lake Bonneville since 25,000 years B.P. 
The most recent studies (Scott, 1980; Currey, 1980) indicate that the latest 
filling of Lake Bonneville began about 25,000 years ago. This transgression may 
have been aided by the diversion of the Bear River into the Bonneville basin, 
which occurred s ometime between 20,000 and 30,000 years B.P . (Bright , 1963) . 
Recent radiocarbon dates , provided by }.~:eyer Rubin, on wood and charcoal 
from transgressive shoreline deposits indicate that the lake had not filled to the 
Bonneville level (the highest recorded level) until sometime after 17,500 14C 
years B.P .; at 17,500 14C years B.P. the lake was about 65 meters below the 
Bonneville level (Scott, 1980) (Fig. 2). Lake Bonneville probably occupied the 
Bonneville shoreline beginning sometime between 16,000 and 17,000 14C years 
B.P. 
The amount of time the lake stood at the Bonneville level is not precisely 
known but radiocarbon dates suggest that the Provo shoreline, whose baseline is 
100 ± 2 meters lower than the Bonneville shoreline, was occupied from about 
14,000 to 12,500 14C years B.P . (Bright, 1963; Broecker and Orr, 1958; Broecker 
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and Kaufman, 1965). The fall from the Bonneville to Provo level is generally 
believed to have resulted from t he overflow of Lake Bonneville at Red Rock Pass 
in southeastern Idaho: this produced rapid downcutting of the outlet and the 
associated catastrophic flood in the Snake River Plain (Gilbert. 1890: Y.alde , 
1968). The elevation of the bedrock channel in Red Rock Pass is 14-50 meters 
(Williams and Milligan. 1968) . This is very near the lowest measured elevation of 
the Provo level shoreline and sugge2ts that the Provo level was maintained by 
overflow across the bedrock sill at Red Rock Pass. The baseline elevation for the 
BonneVIlle shoreline is 1550 ± l m (Crittenden, 1963a) , and for the Provo shore-
line, the baseline elevation is 14-50 ± 1 m, corresponding to the elevation of the 
bedrock outlet. 
A radiocarbon date from a gastropod shell indicates that by about 1_ ,000 14C 
years B.P ., the elevation of Lake Bonneville was within 10 meters of the Great 
Salt Lake (elevation 1280 meters) (W.iller et al., 1980) . The regression from the 
Provo level. therefore , occurred sometime prior to 11,000 14C years B.P . 
Currey ( 19i30) has proposed that Lake Bonneville occupied the Bonneville 
level twice between 19,000 and 13,000 14C years B.P .: the first transgression to 
the Bonneville level. culm inating at about 16 ,500 14C years B.P ., resulted in the 
formation of the prominent Bonneville shoreline terrace as well as a much less 
disti:1ct single beach r idge about 6 meters above this terrace. The later 
tran::;gression reached the Bonneville level around 15,000 14C years B.P. and 
accomplished little geomorphic rework ing of the earlier Bonneville level deposits 
before the lake level dropped to the Provo level by 14,000 14C years B.P. 
The Provo level is generally represented by the most conspicuous shoreline 
terraces within the Bonneville basin and must have been stably maintained for 
constderable time. Delt as and spits associated with this level extend up t o 
262 
100 
KM I 
FIGURE 3 - Lake Bonneville occupied t he unpatterned area when its surface 
was at the Provo level. The blackened areas mark zones that are above the 
Provo but below the Bonneville shorelines . 
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several kilometers into the basin. Radiocarbon dates suggest that the Provo 
level was maintained for about 2000 years (Broecker and Kaufman, 1965) . 
Assuming that the m ajor Bonneville shoreline (which was the one that was meas-
ured for this paper) represents a stable shoreline at approximately 16,000 14C 
years B.P., and that the P!'ovo shoreline was stable at 13 ,000 14C years B.P., the 
best estimate of t he time interval between the Bonneville and Provo shorelines is 
2,000 14C years (refer to Fig. 2) . This time interval is presently not well con-
strained; the range in the possible time between the Bonneville and P rovo shore-
lines is from 500 years, or less, to a maximum of about 3500 years . Additional 
radiocarbon dates of shells and wood associated with the Bonneville level is 
needed and would greatly aid in constraining the time interval between the 
Bonneville and Provo shorelines . 
NEW DATA 
Table I displays twenty-four new measurements of elevation of the Bonneville 
and Provo shorelines. Figure 1 shows their correspondmg locations. Sixteen 
additional elevations m easured by Gilbert ( 1890) are listed in Table II; these 
complement the present work and aid in the construction of the rebound 
profiles . 
The Uiaximum rebound of the Bonneville shoreline is 69 ± 2 meters above the 
1550 m elevation baseline; this corresponds to a maximum water depth of 339 ± 
2 r.1eters in the central region of the lake. Similarly, the maximum rebound of 
the Provo shoreline is 43 ± 2 meters above the 1450 m elevation baseline; this 
corresponds to a maximum water depth of 213 ± 2 meters (Figs. 4 & 5). 
Althou.gh the maximum water depth is recorded from only one measurement 
location (Table I. point 1 7), it is important to note that the depth of Lake Bonne-
ville was within a few meters of the maximum depth to a radial distance of 
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TABLE I - NEW !L£YAT10N K£ASUiEKENTS OF THE PiOYO AND BONNEYI~LE SHOR£LlN~S 
Point 1 Location 
1 HW 1/4, Sec 5, T13S, i.38£ 
2 alE 1/4, Sec 25, Tl4S, i38E 
3 S 1/2, Sec 27, Tl4S, R38£ 
4 Sec 19, T16S, i40£ 
5 sw 1/4, Sec 4, Tl3N, .R38E 
6 HW 1/4, Sec 36, T12N, 11£ 
7 E 1/2, Sec 13, TlON, R1W 
1:! £ 1/2, Sec 20, Tl2N, i2W 
9 Sec 19, Tl ON, R3W 
10 S£ 1/4, Sec 7. T9ti , 1Uiol 
11 TlON, lt7W 
12 Sec 7 & 18, TlO!-i, R11W 
13 N 1/2, Sec 18, T3N, R1E 
14 N£ 1/4, Sec 25, T1N, R1W 
15 Sec 15, T1N, i6W 
16 Sec 22 ' 23, T3S, R81.' 
17 Sec 14 • 15, TlN, 191.' 
18 Sec 25, TlN, &l OW 
19 Sec 16. 21, T1N, i 18W 
20 T5S, IU9W 
21 Sec 10,14 & 15, T14S, il4W 
22 Sec 29 6o 30, T19S, R6W 
23 H 1/2, Sec 21, TSS, 11£ 
24 S.c 33 • 34, TSS, i.3£ 
iefer to Fi.ure 1. 
2 Generally • 2 .eter&. 
3 
:t 10 .. ten. 
Froa Crittenden (l963a) 
Provo 2 
u.s.c.s. Quadrangle Elevation 
Oxford, Idaho 1460 
~nida, Idaho 
Cl ifton, Idaho 
Fnnklin, Idaho 1466 
Trenton, Utah 1463 
Losan, Utah 1464 
Mount Pbgah, Utah 1466 
Cutler Dam, Utah 1468 
Ucar Kiver City, Uttih 14 74! 
Brigham City, Utah 1469 
Promontory Point , Utah 1484 
Hosup Bar, Utah 1481 
Farminston, Utah 1463 
Salt l..ake City N.' Uttih 1477 
Corral C&nyon , Utah 1490 
Timpie , Utah 1484 
Delle , Utah 1493 
Low, Utah 1492 
Tetzlaff Peak., Utah 1484 
Fergu&on Flat, Nev.-Utah 1463 
Sand Pa&&, Utah 1463 
Pavant Butte North, Utah 1477 
We&t Mountain, Utah 1458 
Spaoiah Fork. Peak., Utah 1466 
4 
5 H.y be above a poat-Lak.e Bonneville fault 
Bonneville 2 
(m) Elevation ( ro) 
3 l568 
1548 ? 
1551 ? 
1565 
1585 
1564 
1580 
1577 
15% 
1586 
15!/i' 
1603 
1579 
15% 5 
1612 
161 5 
lC.19 
1617 
(1589)4 
15&5 
1571 
1585 
1571 
1566 
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TABLE 11 - PROVO AND BONNEVILLE SHORELINE ELEVATIONS, FROM GILBERT (1890) 
Point 1 Location Provo Elevation 2 ~Ill) Bonneville Elevation 2 
A 
B 
c 
D 
E 
F 
G 
H 
J 
K 
L 
~I 
r; 
0 
p 
2 
Wah Wah Valley (1454) (1557) 
Kelton Butte 1484 1592 
Black Rock 1477 1586 
Willard 1472 1582 
Snows ville (1468) (1579) 
Point of Mountain 1458 15 71 
Stockton 1477 1591 
Grantsville 1477 1593 
Wellsville (1463) (1579) 
Fish Springs (1472) (1 588) 
Fillmore 1461 1568 
!>. Stansbury Range 1489 1607 
Cu p Butte 1472 (1591 ) 
Snow;:>lo.., 1470 (1 591) 
West Hogu p Mountains 1478 1603 
Dove Creek 1465 1591 
Refer t o Figure 1 . 
Values in parentheses are not direct elevation aeasurements by Gilbert but 
were obtained from his terrace profiles. 
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IT 
E 
BO NNEV I LLE 
PROVO 
100 200 300 
D I STANCE (Km) 
FIGURE 4 - A north-to-south protl.le across the Lake Bonneville basin showing 
th e elevations of the Bonneville and Provo shorelines at several locations . Refer 
to F1gure 1 and Tables I & II for the prec1se locations of the poin t s . The broken 
lines are the baseline levels for the shorelines. For the Bonneville shoreline , the 
baseline elevatiOn is 1550 ± 1 m (Crittenden. 1963a). and for the Provo shore-
line . the bas eline elevation is 1450 ± 1 m (Williams & Milligan , 1968) . The 
d iffe rence m the amount of rebound of the Bonneville and Provo shorelines pro-
vid es the basis for calculating the viscosity of the uppermost mantle. 
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BONNEVILLE 
17 
E 
Q) 
<.D 
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PROVO 
50 100 
DISTANCE (Km) 
150 
FIGURE 5 - Same as tor figure 4 except this graph Is a west-to-east profile 
across the Lake Bonneville basm showing the elevatiOnS or the Bonneville and 
Provo shorelines m several locations (Note that the horizontal scale used m 
th1s profile 1s d1fferent than the one used m F\gure 4) . 
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about 50 km from that location. 
DISCUSSION 
Flexural Rigidity 
Crittenden (1 963 a,b) noted that the observed rebound of the Bonneville 
shoreline is only approximately 75 percent of the total possible isostatic defor-
mation; he attributed this to a non-equilibrium Bonneville shoreline. Walcott 
(1g7Q), in calculating the flexural rigidity of the lithosphere in this region, 
assumed that the Bonneville shoreline was in equilibrium but that the failure to 
attain 100 percent isostatic equilibrium was simply a result of the deformation 
being limited by the flexural rigidity of the lithosphere. 
The new data on the rebound of the Provo shoreline allow for the testing of 
Walcott's assumption. The fraction of the total possible isostatic response (F1 ) 
can be calculated by the following expression: 
FI = ( :.>MAX ) ( Pm ) 
hMAX Pw 
(:) 
where r->nAX is the maximum observed shoreline deformation (i.e. rebound) , hnAX 
1s the maximum water depth, Pm is the density of the uppermost mantle ( = 3.'= g 
cm-3), and Pw is the density of water(= 1.0 g cm-3). 
For the Bonneville shoreline 
(B ill ) ( 69 = 2 ) ( 3 .4 ) F1 , onnev · e = = 339 ± 2 1.0 0.69 ( la) 
and for the Provo shoreline 
F1 (Provo) = ( ?~3 = 2 ) ( 3·4 ) = 0.69 
--3= 2 1.0 
(1 b) 
Similarly, for the differential rebound and water load between the Bonneville 
and Provo shorelines 
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F1 (B-P) = ( 12266 ) ( ~:~ ) = 0.70 (1 c) 
It would be impossible for the rebound of both the Bonneville and Provo shore-
lines (and similarly the differential rebound) to be the same fraction (i.e . 0.69-
0 .70) of the total possible isostatic value unless the lithospheric flexures, in 
adjustment to the loading, were stopped by the flexural rigidity of the litho-
sphere. Moreover, this requires that both shorelines had time to obtain a high 
degree of isostatic equilibrium. Therefore, the assumption of Walcotl ( 1970) 
that the Bonneville shoreline was in equilibrium must be correct but, in addi-
tion, the Provo shoreline also must have been at (or very near) equilibrium. 
Cathles ( 1975) has shown that if the flexural rigidity of the crust is of order 6 
x 1025 N m, a simple cylindrical load with the areal extent of Lake Bonneville 
(radius 100 km) would be approximately 70% supported by isostatic adjustment; 
the remainder would be supported by the resistance of the crust to flexure . 
One can estimate the flexural rigidity of the elastic layer (lithosphere) by 
modeling the crustal flexure due to the load of Lake Bonneville at different 
shoreline levels and by comparing the calculated lithospheric displacement s 
with the observed shoreline displacements, as is shown in figures 4 and 5. Fol-
lowing the method of Brotchie and Silvester (1969) for calculating the 
deflection, c..>, from a cylindrical load, the deflection within the loaded circle , c..>i, 
can be expressed as 
Pw h 
c..> · = --(a ker'a ber x - a kei'a bei x +1 ) \ I' 
and the deflection outside the loaded circle,c..>0 , can be expressed as 
c..>0 = Pw h (a ber'a ker x - a bei'a kei x ) 
I' 
(2) 
(3) 
ln these equations, Pw is the density of the load, h is the height (or depth) of the 
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load, x = r I L where r is the radial distance from the center of the load and L 
is the "radius of relative stiffness" and is defined as 
(4) 
where D is the flexural rigidity and is defined as 
E T3 D = ---=:.._:.--=---[ 12 ( 1 - J2)] (5) 
where E is the Young's modulus, T is the thickness of the crust, vis Poisson's 
ratio (v = 0.25), RE is the middle surface radius (radius of earth), and Pm is the 
density of the mantle; -y = Pm + E T I RE2 , a =AI L where A is the radius of the 
cylindrical load, ber, bei, ker and kei are the zero order Bessel-Kelvin function 
and the primed functions (e .g . ber' ) are the first derivatives of those functions . 
For the calculations presented in this paper, the flexural rigidity, D = 1 x 1023 N 
m forT= 24 km and D = 4 x 1023 N m forT= 37 km, E = 8 .35 x 1010 N m-2 , RE 
= 6350 km, Pm = 3400 kg m-3. and Pw = 1000 kg m-3 . 
The simplest model of Lake Bonneville assumes two adjacent cylindrical loads, 
a main body, and a smaller body which will be referred to, in this paper, as the 
Delta load. The main body of the lake can be modeled as a cylindrical load, cen-
tered at 41° N and 113° W, with a radius of 100 km and a depth, h, of 310 
meters; the Delta load can be modeled as a cylinder, centered at 39° 20' N and 
112° 4 0' W, with a radius of 60 km and a depth of 120 meters. This model is 
similar to the model studied by Brotchie (1 97 1) and a comparison of the 
predicted displacement of the Bonneville shoreline with the observed displace-
ment (Fig . 6ab) shows that for this model the best fit to the Bonneville shoreline 
assumes a flexural rigidity of approximately 4 x 1023 N m . The fit of this model 
to the data is reasonably good except at the east and west lake boundaries, as is 
shown in figure 6b. 
E 
z 
0 
..... 
<{ 
> 
w 
__J 
w 
2'7 ~ 
1550 
0 100 200 300 
N 
1650 
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DISTANCE !Kml E 
FIGURE 6 - Calculated deflections of the BonneVIlle shorellne, as suming two 
tlexural rigidities for the lithosphere, using a model of the load of Lake Bonne-
ville as two simple cylinders. the centers of which are lBO km apart; the main 
body of the Jake is expressed as a cylinder 100 km in radius and 310 meters 
deep. and the Delta body of the lake is expressed as a cylinder 60 km in radtus 
and 120 meters deep. Ftgure (a) is a north-south profile, and figure (b) is a 
west-east profile.' 
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Figures 7 and 8 show the predicted and observed displacements for both the 
Bonneville and Provo shorelines using a more realistic model for the distribu-
tion of the load where the lake bodies are deeper near their centers than at 
their boundaries. A better fit to the observed displacements is obtained with 
this more realistic model; a flexural rigidity of 1 x 1023 N m , or slightly less, is 
suggested from this model and this is comparable with the flexural rigidity of 5 
± 2 x 10 22 _ m calculated by Walcott (1 9?0) . With a flexural rigidity as low as 
1023 N m , the acceleration of isostatic adjustment by flexural stresses in the 
crust is not significant. Variations betvteen the predicted response and the 
observed rebound probably are due to errors in the modelling of the distribu-
tion of the water load, but may also be due , in part, to inaccuracies in assuming 
the lithosphere to be a simple elastic plate of uniform properties (c.f. Walcott, 
1970) . 
Figures 7 and 8 (the more realistic model) show that the observed maximum 
displacements of the Bonneville and Provo shorelines, of 69 meters and 43 
meters respectively, are at, or very near , their equilibrium values for a 1 x 1023 
N m elastic layer; moreov.er , the general fit of this more realistic model to the 
data is m uch better (particularly in the east and west boundaries) than the fit 
of the simpler model shown in figure 6. 
Is ostatic Rebound 
Relaxation time constant.- The time dependence of the observed deforma-
tion is assumed to be controlled by the viscous response the uppermost mantle, 
which is overlain by a purely elastic plate. The uppermost mantle is assumed to 
be an incompressible 1\ewtonian fluid of uniform viscosity where the inertial 
effects are negligible . For this case the deformation can be expressed as 
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23 1x10 NM 
4x 1o 23 NM 
--------------------------
23 
X 10 NM 
-----------------------
100 200 300 
0 IS TAN C E (K m l 
FIGliRE 7 - Calculated deflection for the N-S profile of both the Bonneville and 
Provo shorelines using a more realistic model for the distribution of the water 
load. The broken lines are the baseline levels , the solid triangles mark the 
observed shoreline rebound measurements and the solid lines mark the calcu-
lated rebound assuming two different flexural rigidities for the Lithosphere. For 
the Bonneville-level curves (upper set) , the main body of the lake was modeled 
as a slack of three cylindrical positive loads centered at 41° N and 113° W; the 
top cylinder was assumed to have a radius. A, of 100 krn and a depth, h, of 110 
m , the middle cylmder has a rad1us of 80 km and a depth of 110m. and the bot-
tom cylmder has a rad1us of 60 km and a depth of 120m. The Delta load was 
modeled as two stacked cylindrical positive loads centered at 39° 20' Nand 112° 
40' 11' . The top cylinder has a radius, A, of 60 km and a depth, h . of 100 m, and 
the bottom cylinder has a radius of 30 km and a depth of 80 m . A third cylindri-
cal load with the opposite defl ection (negative) of the two lake bodies was used 
to compensate for the lack of circular symmetry in the main body of Lake 
Bonneville. This negative load was centered at approximately 40° 30' Nand 11 2° 
35' W, it was assumed to have a radius of 30 km and a height of 200 meters. For 
the Provo curves , the top cylinder of both bodies of water (the main body and 
the Delta body) were removed but the negative load remained unchanged. 
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FIGURE B • Same as for Ftgure 7 except that these curves are for the W-E 
profile of the shoreline rebound . 
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d = 1 - exp ( -t I 1 ) (6) 
Solving eqn (6) for 1 yields 
I= -t ln (1 -d) (7) 
where d is the fraction of the ultimate response occurring at any instant t (in 
years after the application or removal of the load), and 1 is the relaxation time 
constant. 
The fraction of the ultimate response, d, can be expressed as 
d = (B) 
where CJMAX is the maximum observed deformation and G>E is the maximum 
expected deformation. In that the Bonneville shoreline represents an equili-
brium shoreline, CJE can be expressed as 
[ F1 (Bonneville)] ( hMAX) ( Pw) 
Pm 
(9) 
where F1 (Bonneville) is obtained from eqn (1a). From the Provo shoreline 
rebound d ata 
( 0 .69) ( 213m) = 
( 3.~ ) 43 meters . 
Therefore, from these data, and from eqn (B) 
d = 43 = 100% 
43 
which suggests that, excluding possible errors in the measurements, the Provo 
shoreline was also in equilibrium; this was previously suggested in that 
F1 (Provo) = F1 (Bonneville). This implies that relaxation time for the viscous 
response was very short as compared to the time interval between the 
27£ 
Bonneville and Provo shorelines. 
From an analysis of the possible errors in the field measurements it is possi-
ble to calculate the lower limit of the total possible response (i.e. dli!N ). From 
equation (l a) the maximum value for F1 (Bonneville) is 
Similarly, using this value in equation {9) yields 
c.JE = 
( .7 16)(213+2) = 
3.4 45 meters, 
Substituting G>E = 45 m into equation (B) and utilizing the lowest allowable value 
of the maximum rebound of the Provo shoreline yields 
dMIN = ( 43 - 2 ) 9 1 "" 45 = /o • 
Thus, within the possible errors, the minimum value of the fraction of the ulti-
mate response , dJJIN· to the unloading of the water load between the Bonneville 
and Provo s horelines was 9 1 percent, at the time the Provo shoreline formed . 
As previously was mentioned, the time interval between the Bonneville and 
Provo shorelines is not well constrained but is between 500 years (and possibly 
less) to approximately 3500 years. The current best estimate is 2000 years ; this 
allows for a "'1000 year period for lithospheric adjustment after the fall from 
the Bonneville level to the Provo level during which t ime the stable Provo shore-
line had not yet formed (refer to the solid line , Figure 2) . 
Using dMIN = 91 percent, the corresponding relaxation time , T, can be calcu-
lated from equation (7), or 
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-t 
T= = ln ( 1 - .91 ) 
t 
2.41 
Within the time constraints on t, the range inTis from 208 years (t = 500 years) 
to 1450 years (t = 3500 years). The best estimate for T is 830 years (t = 2000 
years) (refer to Figure 9) . 
From these new data it can be seen that the maximum relaxation time of 
:450 years is much less than either T = 4000 years calculated by Crittenden 
(1963a) or T = 2500 years calculated by Walcott (1970): the best estimate forT o f 
830 years is even lower and suggests a substantial revision of the calculated 
effective viscosity of the uppermost mantle. 
Effective viscosity ofuppermost mantle .-- Crittenden (1963ab), using a relax-
ation time, T, of 4,000 years, calculated an effective viscosity of the uppermost 
mantle to be 0 .9 x 1021 poise (9 x 10 19 N sec m-2). Similarly, Walcott calculated 
an effective viscosity of approximately 6 x 1020 poise from a relaxation time of 
2500 years . 
The viscosity 77 of a half-space as a function of relaxation time Tis 
7']= Pm g T 
2/ 
where Pm is 3 .4 g cm-3 , g is 980 em sec-2 , and 
(1 0) 
( 11) 
with L and M the horizontal dimensions of the load (Heiskanen and Vening 
Meinesz, 1958) . For Lake Bonneville, f = 2.2 x 10-7 em -I (Crittenden, 1963a) . 
Substituting equation ( 11) into equation ( 10) yields 
7'] = ( 2.4x 10 1 '~) T (12) 
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where 1] is in poise and T is in years. Within the constraints of the time interval 
bet'reen the Bonneville and Provo shorelines, the calculated effective viscosity of 
the uppermost mantle varies from 5 x 1019 to 3 .5 x 1020 poise: the best value 
being 2 x 1020 poise {refer to Figure 9). 
If one uses the criterion of Cathles { 1975) for the calculation of f in equation 
(10), equation (11) becomes 
f = 2rr I\ ( 13) 
where I\ is 5 .2 x R0 , and R0 for Lake Bonneville is 100 km. Substituting equation 
{ 13) for f in equation ( 10) results in calculated effective viscosities approxi-
mately 1.8 times higher than those shown in figure 9 . 
If it is assumed that most of lhe isostatic compensation occurs within a chan-
nel. such as in the case of an asthenosphere, the viscosity of that channel will be 
less than that calculated for a half-space. A harmonic load of wavelength I\ = 
520 km, as for Lake Bonneville, will adjust approximately 5.4 times more slowly 
if it is applied to a 75 km-thick channel than it would if it were applied to a half-
space, and the corresponding channel viscosities would be 5.4 times less 
(Cathles, 1975). 
CONCLUSIONS 
From the new data presented in this paper, it can be shown that the Bonne-
ville shoreline was an equilibrium shoreline and that the Provo shoreline may 
also have been an equilibrium shoreline. Error analysis of the rebound meas-
uremenls place a lower limit of 91 percent equilibration to the Provo shoreline 
with an upper limit of :00 percent. 
Analysis of the Bonneville shoreline rebound profiles, by numerical modelling 
of the response to the load {approximated by two simple adjacent cylindrical 
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loads, each of uniform depth), suggests a flexural rigidity of the lithosphere of 
about 4 x 1023 N m ; this is comparable to the value calculated by Brotchie and 
Silvester (1969). Comparison of the rebound profiles with the results of more 
realistic modelling of the vertical and areal distribution of the load. however , 
suggests that 4 x 1023 N m is too great, and a flexural rigidity of 1 x 1 023 m, or 
slightly less. is suggested ; this in agreement with studies by Walcott (1 970) . 
The calculated effective viscosity of the uppermost mantle, below the Lake 
Bonneville basin, that was "originally anomalously low [and is] now even more 
so " (quoted from Walcott, 1970) has , once again, been shown to be even lower. 
Assuming a half-space model. the range in the upper limit to the effective viscos-
ity of the uppermost mantle is from 5 x 1019 to 3 .5 x 1020 poise . This range in 
viscosity is primarily due to the poor constraints on the time interval between 
the Bonneville and Provo shorelines; using 2000 years for this interval, t he best 
estimate of the effective viscosity is 2 x 1020 poise. The relatively low effective 
viscosity may be associated with the high heat flow in the Great Basin and prob-
ably is related to the Quat ernary volcanism in this region. The magnitude of the 
flexural r igidity suggests t!lat the lithosphere in this region is approximately 25 
km thick and this thickness may also be controlled by the relatively steep geo-
thermal gradient found here . 
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t to.E Gl 18.0 -1.15 -1 .15 o.z..c, PEAK 
s !.5 Gl J£.C -(.70 -c. 7C 0.18 fCiol 
307 
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FCS 1t(C~H Ganymede 
Cfl/. lff' UHTLU TEH c ll" ( ,.,. ) ,.H£EFTI- CHTEI< CEPH Rl"' H IGHl lYPE 
l H.3 (.,1 ~~ .o - ~. 38 -z. 22 o.ez SMl,_. 
i. tB.O (l i.5.0 
- 1." 1 -1.31, C.4C ~MlH 
:: tlo.~ Ll ?t. 0 -1.32 -1.15 0.33 SMT~ 
.. t: 1 • 1 (1 ~4.C, -1.24 -1.07 O.lo6 S,..TH 
~ 0.2 C:1 ?t,.c; -1.28 -0.53 O.lo? PE~K 
(_ u..c; G1 i.5.0 -1.6Cj -1 .6c; 0.46 PEAK 
7 t3 -~ (;) ~t.O -.r.cc; -2.0c; o. 45 fOL 
H.3 ll tl.O -2.14 -i. .10 0.1!: Pll 
': !t.7 c; 1 i.i..C -1.?5 -1.20 0.33 SMlt-
10 52.3 u 22.1 -1.05 -1. c ~ 0.20 BO~l 
1 J !2.1, G1 22.C -1.30 -1 .30 0.26 I!O~l 
12 !; I. t Gl c2.s -1.t't -1. t4 o.so SMTI-1 
13 50 .0 (;1 ,;2.1 -1.40 -1. 2t 0.22 S,..TH 
1~ u. 7 Cl !c.c, - 1. E 1 -o.9e 0.70 S/'411-
1 5 1C. 7 (1 IE .c - ~. 2S -i..Z~ 1. H: PIT 
lt t~.E Gl 56.1 - J.l, 3 -C.2:! a.t7 Pll 
n !S.4 (1 .r2.0 - 1. 56 -1. ~ e 0.31 FEAK 
l t ! :: • 1 (l 25.0 -1. f7 -1. t1 o. 21 BO"L 
1'- t,<;.1 C.1 30.0 -1.23 -o .84 0.43 PEAK 
Zt. ~C.1 (1 lt. c -(.~2 -c. sz 0.1<;1 EC~ l 
21 4C,.l (1 19.0 - 1. 4 e -1.43 0 • .?3 SMTH 
~;- ioE.G G1 17.C -c.e5 -c.85 0.26 EC"t. 
309 
3 10 
FDS }(~0~50 Ganymede 
(IUTH LAT ll i.J U H I< K (l ~~~ "'" J I"A)(EPT n CEI\TE R DEPT H R ll' HEIGh T hFE 
1 1 £ .<; fl 44.0 -1.67 -1.~3 o.ee 5M 11-
1: tt .l (;1 ::s.1 -l.S5 
-1.95 0.57 fOkl 
-
t 5 .4 Gl l<;.c; -1. oa 
-l.CE o. 17 SOH 
4 £1.1 (; 1 22 .0 -}.54 -1 • ~4 0.29 eoaL 
r 164os.so 
_j 
312 
F-OS ~Ct~t~S Ganymede 
CRtl H LAlllUU lEH [J AI' ( 10') ~AX(EPlH C.EI\ TER DEPTH RH" HEIGHl TYPE 
1 '-4.4 H .37.C -c .83 o.se O.lot SM 111 
" 
L0.1 At ~1.C -c. sa -o.2e 0.42 PEAK 
.:; 39.0 AC 34.0 -~. tl -~.04 o.ts PIT 
4 ;1.C AC 48.0 -~.33 -0.71 0.49 PIT 
t- :;~.<; A(. l7 .<; -(.<;7 -C.75 0.20 SI'TH 
e ~fl.9 t( l7 .c; -1.00 -O.~l: o. 1'; SMTH 
c; .t,C.~ AC 4t .1 - l. 05 -0.43 0.48 FIT 
lC ... 0.4 H 44.<; -;.E7 -2.7~ o. t3 SMTH 
1 ~ 2:J.E .6( 37.1 -c .89 o.o o. 3t PIT 
} ; ~:!.~ /1( ~s.o -c. 53 -0.02 0.20 Sfo/11-
14 44.4 H. 3 1. <; -1. <;5 -1. t ~ O.t4 SMTH 
1~ ::c.s A( ~9.0 - (.56 -0.17 0.16 PIT 
16 30.<; A(. 17.0 -c.c;o -c.so 0.23 SMTH 
17 30.7 H ~2.0 -(.53 o.o 0.22 SMTH 
H ;o.s .6( ~5.0 - 1. ss -1.8S 0.49 SMTh 
2C a.e /l( ;~.1 -(.72 -c. 11 o. 14 PIT 
.: 1 2 7. c IC 2t-.O -(.83 0.17 0.~2 PIT 
LL 4:-'..~ AC ::e.c -1. ~2 -C.E4 0.56 FIT 
-., L~ 2~.3 tC .?2.0 -1. SE -1.73 O. ~ E Pll 
<:<. ~2.S AC ~e. 1 - 1. C7 0 .17 0.45 SfoiTh 
-.. L- 2 1. E A(. ~0.0 - (. 7 0 -C. 5C o. 41 Sfo!TH 
2t 24.7 I( 35 .1 -3.01 -2.74 0.~2 PIT 
• 7 ••• 1 A( ~c.c - 1. tt -1.66 o.2t> PIT 
2b 2c.e /.( 2 .:. 1 -C.l il -c. H o. 1t SfollH 
;:c; n .e A( 2t: .1 -c.5o -0.2~ 0.2~ SM lH 
30 <:~.c; AC H .0 - 1. 34 -1.34 0.30 ECH 
~~ 23.6 .6( 44.1 -1. t: 0 -1.~~ 0.2<; FIT 
7 " _ .. 2C.E At lS.<; - (. 22 C.18 0.13 SMTH 
;:;, 1Lt .6( :: 7. c; -1.CS -1.05 o. l7 PIT 
3<. 18 .7 H 17 • <; -c .42 -0.10 0.13 SH TH 
~' q.2 /l(. 4:~ .0 -c. e1 -C.24 0.41 SI'1H-
~ t. 3S .7 /.( ~~.o -C. E 7 -c. t: 5 0.43 PIT 
.?I 4(.2 t( ::1.<; - ( .6 b -0.4t O.lt PII 
3t l :: • 7 H iE .c - (. E2 -C.E2 0.40 FIT 
3<; 4c:.<t tC 20 .0 - (. 40 -0. 23 0.24 SMTH 
4l: ~.~ ' A C. ::o.o -t.SO -C..24 0.22 SMH-
41 4C.7 AC ~ 1 • ~ -(.51 -C. 51 0.27 SHTH 
4L 40.8 /l( 4c.o -1.81 -1.77 O.E1 PIT 
"= 
::; . ~ /lC ::3 .( -1. 05 -C. 90 0.30 SMTI-
.... 3:.c; tl ~E-~ - 1. 7b -l.c4 o. 51 PIT 
"'~ :::: .t tc £ 1. 3 -C.4S 0.01 0.3<; PIT l,(. ::; . ~ /l(. £7 .( - 1. oc; -C.3t: O.t:5 SfoiTI-
47 37.4 /l( £<; .0 -~.32 -~.~4: 0.72 PI T 
l,t 3t.1 /l( 24 .0 -(. 85 -o .31 0.28 SMTH 
49 ~ ~. 4 AC 1.1.1 - ). H -1. ~3 o.e a PIT 
50 35 . 2 /l( 1l:.C -(.7<; -0.7<; o. 2 1 BC!o.L 
~ ) ::1, .1 A C. a.1 -(.7t: -0.19 0.40 SMTI-
!.;> 3C.4 /.( £?.<; -c • .:e -C.2t: 0.22 S"'TH 
,.., 2'> .<; /1( 19.2 -c.5o -0.40 0.11 SMTH 
~" .<E.; .6( ;;.o -). 44 -c. 7t: 0.42 PIT 55 27 .4 tC "3 .o -).50 -1.23 o.se PI T 
~t <:1. c /l( t, E.1 -C.95 -C.95 0.32 PIT 
~7 ~t:.t AC ; I • 1 -).34 -C.S4 0.30 SfollH 
5f 25.0 H 4 7. 1 -). {.1 -1. 2<; o. tl PIT 
~r, .{ 4. i /ll .t4.C -C.3t: -0.03 0.23 .SMTI-
60 24.7 t( 17 .c - (. 20 C. H: o. 15 SMTh 
t ) <: 3 . E t( 1'i.':i -C.58 -0.10 0.2~ SM Th 
t~ .:o.; AC .t5.C -). 21 -1.21 0.53 PIT 
t.; 1S.cl t(. .<c.o - ).17 -c. E7 0.33 SfoiTH 
t :! 1 S • E /1( S.4 -C.93 -G .93 0.27 BOioL 
t"' 23 . e H )';. 4 -c.H c.12 0.47 SMTH 
t ~ - ~ -~-•L /l(.. 18.4 -1.39 -1 • . 39 0. 24 eo .. L 
t:(, £::.c AC 11o.0 -(.71:; -O.t4 0.18 SMTI-
t7 23 . <; H t.C -(.53 -C. 53 o. 17 SMTH 
H H .4 A(.. .l2 .0 -) .98 -1 .33 o.t::z PIT 
ts .?~ .t: AC 7.3 - (. ~ 1 -0.~1 0.12 80L 
3 13 
20636.59 0452J2-001 
314 
HS ~Ot2102 Ganymede 
C.ll.41 H LH11Ul lEi\ k C Ufr (HI "tXlEFTt- CEI\T f R CEPTI- R I"' H 1Gh1 lYPE 
1 37.e AC s.t -(. B -c. n 0.21 fCIIl 
2 ~5.6 ,4( }<;.O -1.92 -1.S2 0.€4 BCH 
-
:?4.7 ,4( ~~.c; -c. E4 o.oa 0.41 PE•I" 
.. 37.S ,4( !€.1 - J .;e -1.31 0.65 PIT 
5 3t.O J( n.o -1.03 -1.03 0.11 PIT 
t ::t.'o AC 3s.o -1. c;o -1.57 0.49 PIT 
7 35.8 ,4( ::1.0 -(.78 -o. 3e o. 2t PIT 
6 :::"·" AC so.c - 1. 2«1 -1.17 0.78 PIT c; ~!.3 A( 1:?.0 -c.es -0.85 o.1e fCIIl 
10 ;j5.3 A( 16 .1 -(.39 o.oc; 0.20 PEAK 
11 ::7.4 A( ~1.S -(.65 -o.sc; 0.52 PIT 
12 33.0 t( !S.'i - (. 32 -O.ZE 0.20 PIT 
13 ::2.0 J( 27.1 -C.23 -0.05 o.1e SMTH 
14 ::~ . 2 AC 13.0 - (. t 1 -0.61 0.24 fOWl 
15 ; 1.6 AC 12.0 - (. 46 -o. 3t 0.1<; SMTH 
16 3C.c AC ~5.1 -c.8s 0.21 0.33 SM 11-t 
17 ::~.1 AC ;c.c; - (. 2E: -0.03 0.24 PIT 
1b 31.7 H ~ 5. 1 -I .cO -1.fC 0.21 PIT 
J'i ::I.s AC a.c -1.08 -0.66 0.17 PIT 
~0 ::1.1 t( ~7.0 -(.52 o . os O. 2E Fll 
~ 1 ~S.4 H :; 1 .1 -~ .23 -2.23 O.'ot PIT 
~L ~£.4 AC ~c.o - (. 43 -0.02 0.20 SfoiTh 
n ~b.4 H 1,3.1 -c..c;o C.4'i 0.4S F 1 T 
~4 2£.<; Al 42.0 -1.33 o.ct 0.81 SMTI-: 
~5 La .3 Al ~E.O -(.45 -C.45 o.ze FIT 
2e n . ~ J.( ::1.0 -(.35 -C.1'i 0.31 SMTH 
~7 ~ 1. t AC 1 c;. c - ( .1 0 o.o o.oa SMTI-
~ b 2!. 4 t( 1 t. c -C . t2 -G.tC o.u Sl"lt-
. c 
L • ~5.t: tC. 38 .0 -c .99 - C.9S 0.4E Pll 
:: c ~!.( /lC ~ : • I -C.t5 -0.6 2 0.22 PIT 
31 ~2 . 2 AC 17.0 -(. 11 -c. 11 o. 13 SMTH 
:!2 ~~.7 AC 20.0 -(.59 -0.5<; 0.20 SMTI-
! 3 24.0 A C. .<1. c - (. 32 -C.03 0.30 SI"Th 
3-4 L5.c J.( -48.0 -<. £2 -2. CE O.'o7 p 1 1 
:!5 ~t. t A(. ~4.C -1. sc; -1 .42 0.42 FIT 
3t ~4 . ~ AC • 1. 0 - 1. 24 -1. 1 E 0.2<; Pll 
::7 ~4.5 H 17.1 -1 .14 -1.14 0. 21 Pll 
::& <<.f A C. ~ 1. c -1. 43 -1.43 o.2s SMTI-
3S ~1. 3 H ~0.1 - C • E 3 -c.e3 O.H PIT 
'o( < 1. s A C. 3 8 .0 -J.OC, -o.oe 0.56 PIT 
41 20.5 Al l! .o -I • f3 -1.t0 0.51 PIT 
4£ 17.1 AC 28 .0 -I. GS -c.5c o.::; PEAK 
'o3 1t.C AC 1 t. 1 -(.25 -0.18 o.oa SMTt-; 
44 l t: .S t( • t. 1 - (. 4 5 -o.4; 0.20 FIT 
4!: 1!.2 J( 2c.s -c.5 5 -o.2: o.n SM Tl-
4( 1S.C A( c;.c; -(.50 -0.50 0.14 EO Ill 
47 18 . 3 /.( <c.1 -C. 5 E -C.2S 0.25 Pl1 
4t 1 c;. E At 15.0 -(.45 -0.23 0. 15 PEAK 
1,<; 1E.2 ~( ~L. O -1. cc -c. 13 0.48 S,..TH 
50 17.1 H 30.0 -C.E3 -c.2e 0.33 p 11 
5 1 lt. 1 /l( ~ t. l -(.t4 - 0 .64 0.27 Sf'ITI-
52 15.t; AL ~1 . 0 - (.: l -0.21 o. 16 PJT 
. ~ 1:. E H 1'1 . c -1.27 -1. L 1 o . ;4 EO Ill 
!4 1~.t AC 1. 1 -c. c7 -0.67 0.15 EO Ill 
5~ 14 .4 H 19. 1 -(.57 -C.27 o. 20 SMTH 
!L 1!. ( /l( 1 5 .1 -C.t:l -0.30 0.21 PEAK 
5 1 1:? . 3 H ?E.C -1.3S -1.3S 0.53 PIT 
!t 13 .t: I( 34.0 -.;. 4t -2. 4E: o.~~ PI 1 
~ r,. 1 ~ • ~ H lE.l -c. 1 e -0.09 o.oa SMTI-
tO 1~. 0 H ~t.C -c.:c -a. 3: o. 15 PIT 
t 1 1 7. E H 44.0 -2.43 -2.20 O.E2 PIT 
t 2 1~.c H ~ ~. 1 - <. E 3 -2.22 0.76 PEAK 
t.J 15.0 t( 17.1 -1.04 -c . e: 0.46 SMTH 
t 4 1~.3 /.( ~;.o -1.20 -1.20 0.33 PIT 
t5 12.<; H ::2.0 -c.sc; O. 3 E 0.51 SI"TH 
t;(J 14.1 t( 'o7.1 -1.65 -0.77 o.H Pil 
t -, 1~.E H 13.0 - (. 77 -0.55 0.27 SMTI-
(.[., 14.0 /.( 34.0 -c.ce C.3S o. 3t: SMTI-1 
315 
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FCS ~ot:n14 Ganymede 
C.RAHR UllTLCE Tt:.._R [Jtl'(l<~l fo~xtEFTI- CHT El< [ EPT 1- R IM HIGhT TYPE 
1 1~.0 I>C a.o -C. 81 0.24 o.t:7 PIT 
' 
13.0 t( ;:.<; -(. 74 -o.5c; 0.44 PIT 
4 1£,C Al ;a .c -£.11 -2 .11 0.52 EOH 
5 1£. 1 H ~.t. -C. 3C -0.30 o.c1 eoL 
t 1£.4 I( (:,5 -c .97 -o.c;7 o.2t: eo .. L 
7 11. E AC (:,0 -c. 54 -0.54 0.20 EOkl 
ll 12.6 H 12.1 -(.(:<; -c.t:s 0.13 SMlH 
<; 12.<; /!.( 1(.<; -C.42 
-0.42 0.14 SMTH 
10 13.~ ~( t?,O -I. Ot 0.03 o. 14 FIT 
11 12.4 ~( 12 .o -c.n -o .9£ 0.23 BO"L 
1 £ 1£.3 H 14.0 -1.24 -0.88 0.39 PE .H. 
13 1~. c; H 1(:.5 - (.! 1 -C. 1 E o. 14 SMTH 
14 13.3 tC 5 .0 -C.l6 -o .1e o.c~ eot.L 
1~ I?. 4 H ll.C -(.51 -0.51 0.20 E'Oiol 
16 1\J.S .:Sl 9 .5 -c.<;<; -c.c;c; o.a BOH 
It tc.c; ~l 14.5 -(.95 -0.83 0.25 SHTI-
17 a.c; /!.C £? • I -c. 43 -0.17 o.1e FIT 
le E.7 H 7.5 -c .44 -0.44 O.lS BOH 
IS <;.4 A(. d.C - (.52 o.os 0.27 SMTI-
20 C:.2 /J( £0 .1 -I. '<7 -1.47 0.24 SMTH 
£ I c;.c tC 10.5 -1. 16 -o.c;~ 0.17 PEAK 
~£ <;.(: ~( 11. ~ -I. ~2 -1.5 2 0.4'7 fCiol 
~~ 
4!- <;.3 H 8.5 - (. 5(: -C.5e 0.22 SMTH 
~4 E.E I>( 3 .5 -1.28 -1 .28 0.30 BOIIIL 
25 c;,c; H 1e.c -I. 25 -1.2~ o. 31 E'Cio•l 
2t; 1 o. 2 H 15.0 -(.44 -0.08 o. 21 SM TH 
£1 <;.2 AC I 7. <; -1. 54 -1.54 0.26 eo"'t 
£1:1 c;.c; t( <;.C -c.(: 1 -C.51 o. 13 SMTH 
~( lC. c H 7.0 -C.31 -0.?7 0.23 eo"L 
; 1 11. l AC 1C.G -c. H -o.H 0.15 SIHt-
32 ll.Z /.( 5 . 5 -c. eo -0.(;0 0.14 BO"l 
~ ~ 11.2 H 4.f -(,(:6 -0.66 0.14 BGWL 
34 10.7 .6l. 1?.4 -J.t:e -1.27 o. 54 PEAK 
3e e . c; tL 9 .5 -c. 79 -0.7<; 0.27 BO"l 
37 t . i /J( 7.~ -C.35 -0.35 0.17 E'Oioll 
34 7.0 H I C .C -c. t4 -C.t:4 o. 14 fOl 
4C 7,(: H 18.4 -1. 31 -1.3 1 C.33 SH l ... 
42 f,4 .6( ::e.c; -l.SC -1.3€ 1.04 PJT 
43 E.l IC 7.5 -(.c;<; -c.c;c; 0.22 BCH 
~4 7.3 A C. 12.0 - l. Cb -0.94 0.22 SMTt-
<t5 (:.7 H I 0. ~ -). 04 -1.04 0.24 SI"T H 
46 7.4 J ( 12.5 -1 o1 0 -o.~e 0.~2 PEAK 
47 i.2 /1( ::e .c; -). 4b -0.78 0.57 PIT 
4 1:! E.S H 12 .(: - (. <;t -c.c;t 0.32 BCI>l 
~0 t. l t( 15.<; -(.57 -0.4~ 0.~2 510 H 
~ 1 i.( AC t~.c; -~.2t -2.22 0.52 PIT 
52 7.1 H l.3. 1 -(.36 -0.34 o.g Sl'lH 
. ., t.2 /ll 17.<; -c .21 -o .11 0. 10 SMTt-
~ ... 4.5 AC 8.0 - {. 34 -C.34 o. 06 eo"L 
55 5.2 tC t.~ -(.57 -0.51 0. 10 BOH 
~b ~. 1 /lC :.4 -c. 24 -0.24 o.oa EOaL 
~7 4.t /.( 1 c .o - (. ~ 3 -0.12 0.12 SMTh 
~f: 4.4 /.( a.o -c. B -0.7~ 0.15 I!O .. l 
!<; 4.~ .6( <2.0 -c. so -0.3t 0.36 PEAK 
6( 5.8 t C d .5 - (. <;3 -c. <;3 0.21 BOH 
tl 4.0 H 1e.o -1.64 -1.50 0.21 I! OWL 
t2 t:.l H 1.0 -C. 4 E -C.4E o. 17 EO"l 
t:3 4.6 /. ( e.: - ( .31 -0.~1 0.12 SMTH 
t~ t. 1 /lC 7.0 -(.56 -0.56 o.zz fGWl 
t.t; ~-"' I( 11.0 - (. 74 -o. 1c 0.23 ec"L 
317 
318 
H t. 1 AC 16.<; -(.22 o.o o.cs SM lh 
t<; 11."o A( J.C,.2 - l. 2!: -1.15 0.10 SMT ... 
H l 12.8 H ~0.1 - J. ~to 
-1.3"o 0.37 PIT 
11 ~.2. Gl .c,.c -C.3o -0.36 0.11 fOiotl 
12 1.t (1 ~.o - c .1 e -o.1e o. 01 PE~K 
73 ~-"' u J1.1 -c. 7.c, -O.t7 0.~1 511 TH 7"o .!.1 ~c 5. 5 -(.2b -0.2t 0.19 SMTt-
76 -0.5 C1 45.0 -I. 15 -C.<;E o.to PIT 
11 -C.1 (1 10.0 -C.55 -0.55 0.34 BOiol 
78 -o.s Gl 14 .o -J.C1 -C.S2 0.09 SI"TH 
7S -1.2 (1 ~5.9 - 1. E 2 -1. t;.: O.H SMTH 
EO 1.1 G1 ?7.C -.:.81 -2.32 0.43 SMTI-
e 1 -o.s (.1 1~.1 -(.51 -0.~1 o. cs PE~K 
f~ -1.~ (l s.o -C.2& -o.n o.ct SM Th 
f3 -~.t Cl ~c.c -c. 75 -0.5~ 0.11 SMTI-
a .. -"o.7 C1 .:.c,.9 -c. 7l -C.H 0.2S SMTH 
t 5 -.:.1 G1 ::3.9 -J • .C,5 
-1 ·"' 5 0.68 PIT 
f6 -4.1 (1 '-3.0 -J.~~ -c.s~ 0.52 PIT 
n -5.6 ( 1 H: .O -C.tO -0. 7C 0.24 SMTH 
H -~.1 G1 c;.c -C.tB -0.68 0.19 EOwl 
6S -5.0 () ~2.S - l. 3t -1. 11 o. 23 SI"TH 
<;C -~.o (.1 2S.9 -:c. 74 -1.80 O.E5 PEAK 
c; 1 -.:.c Al c;.c; -C.t>O -0.53 0.14 ~MTt-
9 2 -1.e H 9.0 -I. 10 -1.10 0.30 eo H 
<;3 
-3.3 H . 11 .o -1.04 -1 .o.: o. 24 PEAK 
<;4 -3. 3 G 1 ~o.c -(.43 -C.43 0.06 PEAK 
S5 -5. 2 (1 7.0 -C.55 -c.~~ 0.07 BO "L 
H 1 £. c; Al c;.c -(.41 -0.34 0.20 SMTI-: 
C,7 1.: • 1 t C 11.0 -1.01 -1. Cl 0.28 ec"'L 
<;t 1:;. 1 tC 'd .o -c .49 0.1.: 0.44 SMTH 
9<; 11 • 7 A(. ~c.c -1.(:4 -1.64 0.33 EGH 
1CO lC.E t( 1:?.0 - (. 2 1 o.c~ o. 20 PEAK 
1 c 1 1 c . 1 .IlL SO.l -I. 54 -1.50 o.1s PI 1 
1C 2 c;.~ AC 11. c -C.ES -c.es 0.17 ECH 
1 c; £.4 A( 30.0 -(.80 -c.ec o • .:o BOiol 
1 c 4 i.t AC c;.c: -(.33 -0.33 0.23 EG._l 
105 c; • 7 t( Jv. ~ - ( .73 -C.73 0.25 BO.l 
1 c t t. t t( 36. 0 -1 .oo -1.00 0.2t PIT 
1 c 7 t.C AC 15. 5 -(.17 -C.l5 o.oc, SMTt-
!Of: 7.6 A( 15.0 -C. 22 -C.lt 0. 1 E S"!TH 
l(C, l.t AC s. 5 - 0 . 32 -0.3 2 0.17 SMTI-
llC t • E Al lt.O -(.41 -0.34 0.12 Sl"lH 
111 5 .'7 tC 8 .0 -C.E3 -C.E3 0. It BGIIL 
11 2 ~.(: A(. 17. 1 -c .ce -0.47 0.11 SIHI-
113 t.3 A( < 7. 1 - ( • .: 2 -(.14 o. 15 SI"TI-
11·· 3.t H e.o -C.30 -0.30 o. 14 EOiol 
11 5 ~-7 A(. t.t -l. 3S -0.~9 0.11 8 0 1ol 
llt> 3. 8 A( I 1 • ~ -l. (:0 -C.4S o. 21 PEAK 
117 4. 2 A( 1e .o -1.00 -o.ec; 0.18 SMT H 
lH 4.C. AC s.o -(.~(: -C.3t 0.29 EC loll 
llCJ 2 .4 Gl .:o.o -C.flt -C.tl 0.15 SMTH 
lt:C 2.1 G1 L4.C -(.7 5 -0.75 0.24 EO~l 
319 
320 
fCS ~Ot.?7:tt Ganymede 
CRA I fi< U.llTLCE lEI<R £111'11<1') "OLEPTI- CEI\TfR CEPH Rl~ HIGHT TYPE 
1 -2.7 (1 ~c.c -C. E8 -0.24 a. 3S 5M111 
2 -::.c (;} 30.0 -C.79 -0.7S o.~t SM TH 
., 
-z.c Gl 13.7 -(.44 -0.44 0.18 PEAK 
4 -4.7 (1 !3.0 -1.22 -o. H 0.42 SMTH 
i -4.E Gl 56. c; -1.59 -1.53 0.72 PIT 
fj 
-4. 8 (1 IE.?. I -C. E3 -C.t<; 0.69 SMTH 
., 
-4.3 (1 1?.(: -1.07 -1.0 7 0.14 BOI&L 
10 - 4. ( Gl lC.O -C. E5 -0.85 0.15 PEAK 
l I -s.o (.1 H.C -) • .?4 -1. 3C c. se FIT 
1£ -E:. 7 (1 17.9 -(,46 -0.41 o.:tc SMlH 
13 -E. t u 1~.0 -c. ss -o.ec 0.41 SMTt-
14 -7.o Cl 7.1 -(..34 -o. ::~e o.cs &OH 
15 -e.c G1 4,7 -C. 23 -c .23 0.05 eOaL 
lt: -7. 8 Cl ::.:.c -c. ez -0.1? 0.38 Sf'ITH 
17 - 8 .<; (1 tl ,O - (. 7t -o. 7t o. 11 BGirll 
1 E -~.7 G1 7.5 -C.c3 -0.63 0.14 EOal 
l'i -<;.5 ( 1 1.C -c. 3E -c.::e o. 15 fCH 
2C -ll. 0 (l 30.0 - 1 .11 - 1. 11 o.3e SM lr 
21 -11.2 c l .i2.G - (. c;c; -o.so 0.30 PEAK 
2;. -10 . tl (1 1 t. 5 -r.se -C.'::C 0.36 SMTH 
-., ~- -1 1 .1 G1 <;.4 -C.51 - 0 .51 0.10 BOiol 
24 - Jl. 7 ( 1 l.?.i -c.sc -c.sc 0.1<; ec~oL 
25 -7.8 Gl 11 • .? -c. 74 -0.74 0. H BGH 
.ic -11.7 G 1 15.1 -(.70 -o. 10 0.12 fOiol 
:t7 - 13.:: (l lt. E -(.70 -0.7( 0.20 fCH 
<:I: -14.<; (1 23 . 5 -(.99 -0.7! 0.31 PEAK 
2., 
- }1.. 4 fl <;.<; - ], 15 -1. 15 0.23 PEAK 
30 -1 4 .1 (.1 <; , 3 - (. ~3 -c.~:: c.:tc PEAK 
3 1 - 17.3 Gl o .1 -1.18 - 1.74 0.48 PIT 
32 -17.£ (;1 E. 5 -l.2E -1. 2 E 0.30 ec~r~L 
;3 
- l f . 1 Cl (;,7 -(.13 - 0 .1 0 Q,C4 SMTH 
.?4 - l s . c Gl 12 . 3 -(,7<; -o ,65 0.22 PEA K 
::~ -lC .a ll 4 .7 - (. 41 -a. 41 c. ce EOl 
.?c. -16.4 {l 8 . 5 -c •1.1 - 0.41 0.15 PE.AK 
37 - 1 t. c ll e.c -(.28 - 0 . 2E 0.06 ECI>l 
3t -lo.4 Gl ~t.O - J. l3 -1. 1 z o. 32 PEAK 
321 
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fl:S ~Ot3f~<; Ganymede 
CR~lfl< UTITLL( THfl c l/.,., (It I' I ,.~XlEPTI- CE~ lER CEPH RIM ~EIGHT TYPE 
1 -?G. 3 Gl 7. 7 -c .12 -0.59 0.06 PUK 
2 -?l.E (1 5.1 -c. 47 -C.41 o. 15 PE~K 
:? / -?2.0 (l 7.4 -C.74 -0.12 0.09 PEAl< 
4 -::~.f G 1 lt.7 -1. e 1 -1.E4 0.44 SMH-
~ -33 .l (l 3.3 -C.£3 -c. 23 o.c1 801tl 
I. -:z.~ G1 10.7 -1.12 -0.96 0.15 PEA K 
7 -?1.7 (;J 3.t -C.47 -0.41 0.11 EC~o<l 
t -33.9 (;l 3.o -c .45 -0.45 0.07 BOl-l 
.. -?4.C G 1 3.3 -c. 41 -0.41 0. 10 EG~ol 
10 -~~.o l: l a.o - l. 51 -1.3€ 0. 2C PIT 
11 -?4.2 (l 13.4 - 1. 35 -l.OE o.zs PEAK 
1 2 -::4.C Cl s.o -£. EB -0.73 0.33 PEAK 
13 -33.3 ll 6.3 -(.46 -c. H c. 10 PEAK 
l'< - 3t. 2 G1 1 7. ~ -1. OS -o .49 0. 19 PEAK 
1 ~ - 3t .2 (l c;.!; -1. 1t -1.10 o.oc; PEAK 
H -3t.6 (l ~3.0 -C.89 -0.4 € 0.21 Pll 
17 -~~.1 Gl e.o -{. 84 -0.84 o.11 PEAK 
18 -37.3 Cl 12. ~ -C.H -c. 42 C. 2S PE.6K 
l'i -.:e. 1 (l 5.7 -C.BZ -0.82 0.23 eo~oL 
~(j - ?f:. ~ (1 E.7 -1. oc -1.00 0.12 S,.,H 
21 -3 8 .8 (1 15.7 -1.0t -O.t7 o.zo SMTH 
~L -;e. t Gl 17.0 -1.15 -1 .34 0.37 PIT 
-::; ~~ - 3E .1 u 10.~ - (. <;3 -O.t:3 0.31 PEAK 
25 -40.2 Cl l 5. 7 - ( .94 -o.tt 0.1t PEAK 
Zt -L.C.4 G l 15.0 -£.74 -0.74 0.11 SMH-
n -~1.2 (l 1 c. f -(. 79 -c.n 0. Ct PEAK 
a -£1.7 fl s.2 -C.b9 -0.63 o.1o PEAK 
.< <t - c. l (l ;;c.c -l.3t -1. 3t 0.21 SMH 
30 - 1 .1 (,1 8.5 -c.ea -c.H o.zo BCH 
3 1 - 2 .4 G1 t:z.c -1.ES -1.b6 0.35 SMlh 
J? - 2 .4 (l Jl.:: - l. C5 -1. 0~ o.zc; SMTH 
33 - 3.2 Cl .:9.<; -~ .11 -c.•H 0.3E PEA K 
;~, 
- ; . ~ G 1 <;.4 -1. 4& -1.48 o.zz EC~l 
35 - 4. 1 (1 4t.l -1. Ei -1.0~ o. 'i 1 PIT 
3t :. <; Cl 8.9 -1.27 -1. z 7 o.::3 eo~L 
31 - I • l Gl Jl.<; -(.74 -C.74 0.15 PEH 
3 8 - 7. o H 81.'7 -c.e1 -0.71 0.32 SMTH 
;<; 
- 1.i G1 l.l • l -1.02 -0.88 0 • .26 PEA l<. 
1<0 - t.2 (l lC.i - 1. 10 -1.10 o.1a ECH 
4 1 - 9.9 (l a.2 -1.9 5 -1.53 0.~3 PEAK 
L. i - c.t Gl .<2.~ -l. 34 -1.34 0 • .26 SMH-
323 
324 
HS 2COS05 Ganymede 
CH/llti< lAliTUE JEI<R C 1 AI' ( 1<1' 1 ,.AXLE FTH CEll TEl< C EPTt- Rll' H lGHT TYPE 
1 -~t3.S Cl 6.0 -(.49 -0.4S 0.13 SOH 
~ -1, 3 .!: G1 3.4 -0.24 -0.24 o.os SO iol 
3 -J.:!.E (l ~s.o - (. t:t.; - 0 . ES 0.24 PIT 
4 
-44.6 (l s.o -( .45 -0.4~ 0.07 SOH 
~ -J,~.l (, 1 S.3 -c. 84 -0.84 0.14 PEII K 
c. -4~.E (1 t.o -(.56 -c.~t o. 13 PUK 
i -4t. C Cl 5.5 -C.36 -O.!t O.C7 BO~l 
t: - 4t. z (.1 t.G -c. 44 -0.44 o.oe EOH 
c; 
-4t.7 (1 Je .O -c.c; ~ -C.1~ 0.11 SMl h 
10 -"~-~ G1 4.6 -C.44 - (i .4 4 0.06 PEA K 11 -4~.Cj (1 7.7 - (. t 5 -o . t~ o. 10 PEAK 
l/ -4t. 4 ( 1 e.o -1 . 24 -1.24 0.34 PEAK 
1J -'<I. C Gl 11. 1 -1. ~2 -1 .52 0.26 ECi.l 
1<t -4t:. O ( 1 a.o -J.E:l -1. E l o. 44 I:!Ol 
lc: -H. ! (;1 7.6 -c. ss -0 .5~ 0.10 SM lh 
17 -·H.f u s.c; -t.t, B -c. 4E 0.07 SMH· 
1e -<t7.7 (1 8 . t -(. 48 -c. 4f o.l7 PEAK 
l'i -H. 7 Gl 41 .l - 1. 0t: -0.57 0.24 PIT 
H -4S.7 (1 .t,t;.c; - 1. ~ E - 1.00 o. 52 p(l 
22 -4S. 9 (1 12. c; -1.27 -1. 2 7 0.]4 PEAK 
;:; 
-1,<;.7 G1 e.s -c .n -0.45 0. 10 FEAK 
24 -4 <; .7 (1 10.1 -c. u -c. H o. 16 SMTH 
-' £. -~ C. 4 (1 £ C. O - C.62 - 0 . 82 0.17 SM Th 
£(. 
-!c. s (l l 1 • 7 -(.42 -C.24 0.21 SMH-
21 -5C.7 u 13.<1 -1 .0~ -C.Sl 0.24 PEAK 
a -~c. ~ <:1 12. 3 -(. t7 -0.41 0.21 PEAK 
£4 -!C . 3 ( J 10.4 - (. t 7 -C.t:7 0.32 S"'lh 
3() -SO.'i C:l t: .7 -c .1'; -0.1 0 0.11 PEAK 
!~ 
-"t. ( Gl 4 .C -c. 55 -0.55 0.17 EOJ.l 
:: :1 -i<f . 2 c 1 4 .C -c. ze -c. 2t c. ce 1:! 0 1-l 
!4 -4~.4 (l <; . 3 -1. 26 -1.2t o. :n eo ~rot 
~ ~ _,~.! Gl ~S .4 - ~. ~ l -1. 7t 0.18 PEAK 
rr - 49 . 2 (1 ~0. 1 - J. c; E - 1. s:: 0.58 p 1 1 
::c; -4C.S Cl 1G.O -(. 25 -0.03 o.os PEA l< 
4 .. - ·"1 . c, (1 e.o -C. 4 E -c. :: e o. 07 PEAK 
45 -42.2 (l J.b -c. s 1 -0.51 o.cs PEAK 
325 
326 
FCS ~Ot ~<; ll Ganymede 
C~JolH ll'lllLU TH. R [It I' ( ICI'l HX(EFlh CHT ER C EPT 1- RIM t-E J GH 1 TYPE 
1 -47.e G I 1.0 -c. 52 -0.4~ 0.19 PE~K 
2 -4E.1 (1 t.C - (. (:4 
-0.(:4 0.12 PEAK 
3 -H • .2 G1 14.5 -(.88 
-0.88 0. 14 PEAK 
4 -4E.3 u 7.E - (. 4E 
-0.48 o.oa f(lll 
~ -4 e.s (1 s.o -1.12 -1.1~ O.iol t!Oill 
6 
- 4S • E G1 ll.'o 
- C • E'i 
-C.7t 0.10 PEH 
7 -49.2 (l (:.6 -(.(:1, -C.t:lo o. 21 PEAK 
E -~tc;.e (,1 12.0 -1.26 -1.1<; 0.43 PEA K 
c; 
-4<;.<; Gl 10. c -1. 22 -1.22 0.2<; ECill 
lC -4<;.7 Cl "7. 0 -1. ES -1.47 o.t7 PIT 
11 -~(.3 Gl lC.t -C. 7S -G.67 0.30 S~Tt-
12 -50.5 ( 1 l:?.S - (. 74 -c. 4<; o. 40 PEA K 
1:! -!C.<; (1 6.7 -C. B7 -0.87 0.~7 PE.4K 
! ... -! 1. 1 (;1 7.5 -C. C7 -0.07 0.07 S~l h 
~~ -4<;.'7 ( 1 11 .<; - (. 8~ -C.t:i o. 2l SMTH 
16 - <i c; • E Gl a.c; 
-C.68 -0.3'7 0.09 PEA K 
1 7 -50.7 G1 1:?. t -1. 15 -C.S4 0.12 PEAK 
lC -50.8 (l '7.0 
-J. 2'- - 1. 2" 0.~2 BOill 
1 ... -~c.c; G 1 11. c; -I. 07 -0.79 0. 38 SMTI--
,2(1 
- ~ 1.4 (l 7.E - (. 76 -C.7C o. 22 SMTH 
LL -~t..C u !1.6 -1 • 35 -1.09 0 • .21 PEAK 
--, 
L.- -~4.<; (1 ~-5 -{.<;C -C.90 0.16 SMTI-
25 -4 6 .3 Cl ~1 • .:. -c. E4 -C.t4 0.20 SMTH 
.it -4<;.2 (.l 10.<; -C.31 -C.1<; 0.09 PEAK 
21 -50 .o C I I:? • t: -I. 21 -1.21 0.20 SMTH 
28 -1, '7 . 2 (1 ~o.o -l . <;C -c .t7 o.~1 PIT 
;r, 
-4<;.7 G 1 11. 2 -1.08 -G. 8t 0.58 SMTI-
~(\ -4 e. e l'1 t.C -(.~t -o.se 0.40 t!OL 
:: 1 -!c. 7 C:l e:o . c -C.SI -(1.91 ColE SMH· 
:!2 -~~.; l 1 i.E: -C. 7S -0.79 0.15 !!Dill 
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fOS ~ct;s1s Ganymede 
CRHU. UTJTUtf lHR L I .bioi 1101 I ltA~CEPTH C.Et\lE R DEPTH R(,_. HEIGHT TYPE 
-~E. S (l s.s -C.t>2 -o. 54 0.11 SM 111 
3 -! E • <; (J 5.0 -(.35 -0.35 o.os EO~l 
.. -~s ·" u .;o.1 -l.10 -1.10 0.3t> SIHH 
t -tl.l Gl 6.7 -C.76 -o. H: 0.20 PEAK 
l -t£.1 (;1 4.S -(.~~ -c.ss 0.11 ec~o.L 
t: -t3.2 (l 5.5 -C.42 -0.42 0.10 BO\-l 
<; 
-tJ..; Gl 4:1.0 -C.22 -0.1'> 0. 19 S"'TI-
10 -tio.tJ ll £.4 -c. 36 -c.;e o. 10 PEA"-
11 -t4.<; (;1 18.C -1.23 -1.2~ o.;a PI 1 
1..:: -lt.l c 1 1C.7 -C. S3 -0.77 0.15 PEH 
13 -0.5 (,1 ~c;.o - l. 75 -l.CC o. fE Pll 
14 -H. E Gl ll.'i -c .<12 -o.et 0.20 PEH 
15 -tE.3 G1 ~ 1. 1 -C. S4 -O.S4 0.21 S,..lH 
lo -tl.O (1 3v.o -1. t s -1. ;s 0.21 PEAK 
17 -tl. 4 G l 1/C.£ -c. 37 -o .33 0.33 S,..H-
18 -u •. o (1 11.0 - (. 2 2 -c.n o. 17 PJl 
IS -l4.5 u 32 .l -1.2b -1. <'t o.£e SM 11-
3E9 
330 
HS 2Ct3S1'7 Ganymede 
Ct<AT H LAl llLU l E i; f- CIAI'' (I<I'l I' A>cCEPTH C.HTEP CEPTI- .Fill' H IGHl TYPE 
1 -t6. 5 Gl ll . E -(.-49 
-0. -44 o.o s SMTH 
~ - ti. 4 G1 !~.o -c . 92 
-o . 45 0.38 PIT 
3 -H. 7 f l ll.! -(. E4 -o.e .~t 0.14 PEAK 
4 
' -t:a.a (l 11.3 -c. se -O.<l 6 o. 14 PEAK 
! -H.7 Ll e. c; - (. 7t; -0.7t; 0.15 EG!.l 
b -(7.2 Cl 7.1 -(. 54 -0. 54 0.05 PU.K 
1 -tt. E (l 11 . 4 -1. 25 -1. 2! 0. IS PE/lK 
E - tl.4 Gl 4.:; -c. 4 Z -0. 42 0. 04 PE.AK 
c; 
- H . 0 (l n .s - I • .:! 1 -1 • .::1 c. 17 PJl 
lC -t S.7 Gl 5.7 - C.31 -0.30 o.oa SMT H 
11 -t<;.<; (;I 7.2 -C. t! -C. t!: 0.15 f(I<L 
12 -70.5 (;1 14.<; -(.<; t: -0.44 o.~e PEAK 
l3 -IC.t Gl c;.c; - ( . 68 -0.6 8 o. 20 SMTH 
14 -iC.S c 1 15.0 -c. 44 -c. ;4 c. 2t SMTt-
J ~ -71. 1 (1 10.E -C.38 - o .~ e 0.14 eo u 
1{: - I~. C c 1 11.3 - (. 74 -c. 7t. 0.10 PUK 
1 7 -7 2 .1 0 e . 4 - c. l7 -0.17 o. C4 S.MlH 
H -1£. ~ (,1 1S.3 -(. 67 -0.67 o.oa SMT h 
19 -72.4 c 1 1~-~ -C. E2 - c . e2 o. 17 PIT 
20 -7 1 . 8 u 15.t: -(. 73 - 0 .7 3 O.lt. SMTH 
; 1 - 7l . t Ll 11.1 -1.12 -1.1 2 0.25 eo ... L 
£:) - 7 1 . ~ (. 1 15.0 - (. c; 1 -c. E i o. 1 <; PEAK 
., .. 
-7 2 . £ {l 4 .1 - (1 .1 5 - 0 .1 5 o.cc; eo .. L 
- .. ~- -1.£ . <; (] 1.<; - (. 33 -C.l<; 0.10 FEU< 
2t. -7.::.1 (1 !2 . <; - J . 7e -1. H 0.74 PIT 
.£7 -1 3 . 4 Gl 14. 1 - 1. 1 q -1 .1 <; 0.19 BO al 
2~ -It,.} c 1 .l 2 . C -(.<;1 -C.Sl 0.14 Sl'lH 
2<; -7 3 . 8 (.1 8 . t: - ( . 4<; - 0 .1 4 0.15 PEAK 
2 0 -7~. ~ Gl c;. 1 - ( .t G - 0 . 60 0 .17 PEA K 
.:: J -74.4 (l £3 . [' -(. ;<0 C.1C o. 14 FIT 
2£ - 14.E G1 13 . 6 - C. o9 -O . t£ 0 . £5 PEAK 
J 0 
-it..t G I ~4 . C - 1. 81 -1.E7 0.41 SMTt-
3~ - 75 . 3 C: l 10. 8 -). 38 - 1. ~ E o.ze PEAK 
~( -1 ~ . <; (,1 14 . 3 -C.S 2 -0.76 0.20 PE.bl< 
31 -77 . 0 (1 le . E -C. SE -C.47 0.28 PEtol\ 
3 t.. -7 e . o (1 11.4 - (. <;7 - C. 91 O.l E PE AK 
~<, 
-H.!: (I .; 1. 1 - J . <;9 -1. 7S 0.4 2 SMH· 
<oC -te. 2 Cl • ] • 1 -( .7 t -c. 7l {j. 17 S~TI-1 
4 1 - iC . c (I t: . S -C.1 8 -o.o e o. ct SM TN 
'< .<: - 13. t 1:1 ~0.2 - (. c; 5 -o. u 0.22 FE~K 
4 "1 
- 14 . 1 (.1 1~ . 4 -(.47 -0 • .:!7 0.1 6 PEAK 
1, 1, 
-It. t (,1 £7 . 0 -c. 22 - 0 .1 8 0. 20 SM TI-' 
33 1 
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fCS ~Ot4C£5 Ganymede 
(RAHII UllJLlt lHk UHII'' "'l "'llXlEPTt· CHJEI< DEPH Rill I-EIGHT TYFE 
1 -tS.b Gl 4.4 -c. ~ o 
-o. 2c c. 12 BCH 
~ -t c, .c; (1 5 . 2 -C.32 -0. 3~ o.c~ E!Oiol 
-
- IC.4 C:l 7.2 -c. 55 
-C. 51 0.13 PEAK 
t; 
-71. 2 Gl 13.2 -1.02 -C.H 0.23 PEAK 
~~ -73 .t Gl 7.4 -C.40 -0.40 0.09 BO"'L 
l b -H. S Gl ~4 .0 -(.41 o.ct o. 25 FIT 
17 - 71 . 2 ( 1 5 .~ -c. ~0 - o . 5c o . G7 BOl 
11:1 -71. E Gl ~5.<; -1. bb -1.43 0 • .32 PIT 
1S - 13 .3 (1 1~.t - (. €4 -0.7~ o. 13 PEAK 
~0 - 13 . t (l n . o - C.41 -0.1~ 0.;{0 PIT 
4~ -14.7 (1 E. 3 -(. 77 -c.n 0.1 3 EO.L 
-., ~- -7~.5 u t.€ -c • .:e -C.H o.cs BG llol 
~4 -14.7 Cl s . o - 0 . 70 -c. 10 0.11 eo ... L 
.. ' 
"-
- 1~ .1 ( I 1::.c -(. t5 -c.~ ~ o. 13 FEH: 
2t -14.1 Cl 5 . 5 -( . 44 - 0 .44 o. ce BGH 
n -it. 1 c 1 ~c . e -1. 14 -1. 01 0.25 PIT 
28 -I t.1 (;1 I.E -C. 3S -c • .:s c. 1 c; PEAK 
~<, - i<; .c: ll ~o . o - C . 82 -0.8~ o .~s SM Tl-
::c - H . i ( 1 lC.~ -C. t1 -C. tl 0. 25 PEA K 
~I -EC . 4 (1 43 . <; -(.71 -o . t 1 o.~o PIT 
333 
334 
fCS .£Ct4C27 Ganymede 
CkA HR lAlllLC.t: THR (IJf'(l(,.) 1-~XLEFH-. CHT Ell C£PH RIM HIGhT TYPE 
1 -11.5 A( e.t -(. t7 
-0.61 0.12 PEAK 
2 
./ -15.2 
'' 
1?. 1 
-1.25 
-1.0" 0.21 PEAK 
? -it.t Gl 1. 5 -(.81 
-C.Bl o.l4 ECioll 
4 / -it.t, (} 11." - (. 16 -o. u. o. 17 FEAK 
! - i ~. E (1 7.3 -C.67 
-o.tt 0.13 PEA~<. 
t -i3.S 
"" 
5.~ -(. 3t: 
-C.3t 0.11 FE AI< 
7 -73 .z A( 3.8 -C.lS -(. 1 <; 0.10 SMlH 
8 -12 .s J( 5.5 -0.13 -c .13 0.09 801o.l 
1(; -12.3 AC it.~ -(.32 -C.32 0.03 BGI-l 
11 -1 2 .0 (2 5.0 -(.32 -0.?2 c.c1 BC~l 
12 -71. t AC 'i.2 -1 .cs -1 .as o.ob ECto.L 
l3 -7 .£ .0 A<. f.5 - (. 1,8 -C.4t o. 12 BC1>l 
14 -'II.'i (;2 16 .1 -1.23 -1.2? 0.27 PE~ K 
15 -ic.c; u I. 1 • 1 -<.~C -2.50 0.32 PIT 
lt- -7C.7 C2 17.<; -(.65 -0.1~ 0.10 SMTH 
1 7 -I::. s (1 ~s.c; -.2.45 -2.41 0.41 PIT 
lc -71,.4 (1 It .c - ( • ~ E -C.37 0.11 $11T H 
IS -14.5 (1 .!1.1 -1. 31 -1.2 ~ 0.?8 p 1 1 
~0 -j~.4 Cl 12.2 -(.66 -0.75 o. 28 PE~ K 
21 -it.4 ( 1 11,.4 -c. s4 -0.72 o. 22 SMTh 
.£2 --, t.. t: (1 .2C.4 -C.<; 1 -0.'71 0.10 SM l h 
<3 - i I. c; (1 It.~ - J. 15 -1.04 0.22 PUK 
2"t -7<;.9 lll 'i.3 -(.48 -C.?<; 0.16 PEAK 
- < ~- -Hol (1 s.2 -(.61:! -0.62 0.29 PEAK 
~t: -1 8 .0 G1 7.E -c. u. -o.cc 0.14 5"'lH 
27 -7 8 .6 (1 10.0 - (. 2 ~ -o .1 ~ 0.25 SIITH 
2E -11.7 G 1 2?.C -(.50 -o .at: 0. 17 SMT t-. 
29 -7«;. 4 (1 s.~ -1.Ct: -1. Ct G.?2 FEAK 
~( 
-H. 2 (:1 2.S -1.9 2 -1.4 E o.~o SM T 1-: 
; 1 -If. E c 1 
€ • E -1.00 -1. co o.2c; PEAK 
32 -7 7. 6 ( 1 1.0 -C. 53 -C.?t. c.3s PIT 
335 
336 
HS atloC2S Ganymede 
Cfl ~T H UlllL[E HH (II.,(KI') .,H(fFH- CHHR C£P11-. RIM HIGHT lYPE 
1 - t j. 1 C.:2 17.6 -c.ea -0.77 0.18 Slo\11-
2 -t:.7.3 (.£ 1t:..O -(.53 
-O.H o. C7 S~lH 
3 -11. e C.:2 18.0 -I. it3 
-1 .43 0.40 PEAl<. 
4 -;o.e (2 ~c.c; -1. S3 -1. c; 3 0.28 PIT 
5 -tB.b (;2 9.9 -C.tS -O.t:~ o. 11 SMTH 
t -tE:.2 G.< s.c; -c .35 -0.35 0. 15 eo ~o~l 
7 -te.o 1...£ llo .lo -c. et:. -O.et o. 12 eoL 
B -ti.t ( 2 34.<; -..£.19 -2.0<; o.::o PIT 
c; 
- ti.:: G.< .<C.1 -1. c 7 -0.92 0.11 S~TI-
10 -t 5 .a C2 a.o -C.42 -O.Io2 o. 12 PEAK 
j 1 - ( <;. 7 G2 2C. c; -(..91 -o. 11 0.22 Pll 
12 -tt.. 2 c.:~ JE.O - (. €1 -0.87 0.20 S~TH 
13 -tc.c; (2 7.0 -C.52 -c. s.< o.G7 SOH 
}I, 
- (1. 7 G2 lt. s -c. :n -c .:n O.lS S~H 
15 -t1,.6 c.< l; • 1 -C. tC -0.51 o. 15 PIT 
It -H.~ (1 24.C -1.33 -1.3; C. IE p 11 
17 -17.~ Cl :r.o -(.4€ -0.48 0.23 Pll 
1!:' -75.4 fl 12.0 -(.70 -c.~e o. 35 PEAK 
IS -i4.2 G1 ~1.0 -1.56 -1.4t 0.48 PIT 
.<C -71o .~o G I 1 ~. 1 -(.33 -0.33 0.06 fiT 
21 -15.4 C:l to.o - •• 44 -2.3<; o. tl PIT 
.<~ -IL4 Gl 11o.l -l. c; 1 -0.65 0. 15 PE.AK 
~~ -i2.4 (1 ) 1. 0 - (. <; 3 -o.ee o. 12 PEAk 
.<4 -/.;. 0 u 18.0 -(. 3t -0.02 o.a PEAK 
.. 
~~ -7::. 1 Cl 5.~ - (. 35 -0.35 O.C7 SO~l 
26 -71.4 (.£ a.o -(.36 -c.3c c. 11 PEAK 
• 1 -IC.~ f2 .< 5 .9 - 1. 32 -1.27 0.34 PIT 
28 -tE.S G; <C.C -l.H -1. 2t 0.55 FIT 
337 
r 20640.29 
0 
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FC5 ~OtitC~1 Ganymede 
CIIHfJ; Ullll.(£ TfRJ; CUM( I< ,. I 
""HEPH CE~TEI< CEPH· R lM hEIG1'11 lYPE 
1 -73.7 (,2 24.'7 
-C.itO 
-0.08 0.16 SMTI-
2 -;~.2 c.:~ ~;.o 
-c. €1 -c. H 0.10 FIT 
3 -13.8 C.:2 1'7.0 
-c.2o O.lt: 0.10 SMTH 
" 
-7::.2 G; ~s.e -(.40 
-0.40 0.18 SMTI-
~ -i5.7 (2 lC.E - (.tit 
-O.t:it o. 13 fC"l 
t: - i7. 7 C.2 :!0.0 -C.54 -0.;} o.;c; PIT 
I -;~.7 (£ 14.3 -1.60 
-1. ec 0.23 PEAK 
B -70.3 (£ 17.4 -(.57 
-0.52 o.c<; SMlh 
s - ](. 5 u (4.1 -C.c7 -0.22 0.22 SMTh 
11 
- i2 ·" (2 12.0 -c.t:; -o. 63 0.28 ec .. L 
It -71.5 (2 ;£.0 -l.itO -l.itO o. 1 c; SOH 
1? -ts.c (;£ ::4.( -(.72 -0.37 0.37 PIT 
14 -u.t: ( £ 1 c.~ -(.21 c.c o. 13 PIT 
lt -t 2.3 u 1 7. 4 -C.2l 0.04 0.)3 91Th 
17 
--- c; . 2 (£ i 1 • ~ -c.!e O.Qt, 0.22 SMTI-18 -7S.'1 (~ ze.o -(.40 C.lE 0.20 SMTH 
IS -it.~ G2 IS.O -C. 2 8 -0.07 0. 12 SMTI-
2C -i5.S (2 I~ . 7 -1. lt -1.00 0.14 PEH 
.tl -74.4 (2 2e.o - l • ll -1.0 ~ o.n SM1H 
~~ - i ~ . 3 u tC.O -(.24 -0.20 0.20 SMTI-

3 -'1. 0 
fDS 2C.t4C33 Ganymede 
CR.Al H l.Ol IlU[E TEICR (l M' 11<"1 "'AllCEPlh CEt-ITH< DEPT I-t Rl"' HEIGH l TYFE 
l -H. 5 (2 17.0 
-1.33 -1.25 0. ll: SM Tl-: 
2 -li. c AC c; • .? -c.o 
-O.l:7 0.23 ECH 
3 -67.1 .6( 1l:.O -(.62 
-0.82 0.20 SMTH 
"' 
-n .1 J.C Jl. 1 -c .13 
-0.05 0.12 SMTI-
< 
.... -t~.1 G2 ~1.0 -C. 6E 
-0.57 0.22 Slo'TH 
t -t7.c /.( 4::.1 -1 .16 
-1. 16 o • .:s PIT 
7 -H.~ AC ~E.O -C. S6 
-0.91 0.27 FIT 
6 -tE .5 H I?.c; -C.l:4 -0.50 o. 13 PEAK 
c; 
-H.4 f.( <:s .o -(.6'> -o.5c; 0.25 Pll 
lu -H.C I>( 10.0 -1~32 -0.17 0.45 Pll 
11 -cs.s C:2 9.6 -(.57 -0.~2 c.cs PEAt< 
12 -1C.C G2 1S.O - ( .91 -c .9o 0. 1l: PEAK 
13 -11 .t .6( c;. 1 -c.~c -C.42 0. 1C PEAK 
14 -70.5 G2 11.4 -(.75 -O.t;E 0.13 PEAK 
15 - t<;. t Gl ~ ~ 
- • L -(.30 -0.30 0.10 PEAK 
16 -70.0 (l < -
-•L - (. 33 -C.!~ O.C4 PE.OK 
17 -u:. 7 t2 7.3 -c. H -0.37 o.ce PEAK 
lb - iC. ~ (,} :: 1 • c -).<;<; -l.E3 0.56 SMTI-
19 -7l.tl Gl U.1 -(. f(; -o. t7 0.15 SMTH 
~( -71. c H L5.C -1.22 -1 .22 0.18 SMll-
21 -71.3 H 14.C -c. 33 c.oc; o. 27 Slo'TI-t 
22 -13.0 l2 )0 .t -1.13 -o.c;a 0.13 PEAK 
. ., 
~- -1.:.c lL ~c;.c; -1.25 -1 .25 0.27 PIT 
24 -tt.l C:l 1?.0 -1. (4 -c. SI o. 25 PEA K 
20640 33 r- . 0666J2 -001 
~.-_) ~'·>.-~~\\\~I ~ ~ ~ ~-----= \ . ~\~ :.~\~\ 
ttl ~ . () ........ • . ~ •  \\ lti ( 
''\. ...... ........... ....... 0 0 ~ 0:::,./·. ::'-..::: .............. 0 • 0 0 
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fC S ~Ct4C~7 Ganymed e 
CiUlfli l~ll ll.(E l EH [Ill' I I' I' I I'~HEPH CEI\ l H< C EP lt- RIM t-EIGHl IYPE 
1 -H.t G 1 11.3 - ( .42 -0.35 0.09 PEA K 
2 
"' 
-7<;.1 (1 ]1. t 
- (. t 5 -C.4S o. 10 SI"T h 
3 -fl. 3 (1 13.4 -C.47 - 0 .44 0.12 SM TH 
4 / -ec.~ (1 t3.S -c. 17 - 0 .13 0.21 Pll 
5 -&0.0 u 5.0 -c. 1t -O.lt o.c6 BOH 
t -1S. E Gl 18 . 0 -(.66 -0.62 0.10 PIT 
1 -H. 7 (1 <;.C - (. 17 -o. 12 0.12 SJIIT H 
b / -80.4 u lt .o -(.53 -0.2~ 0.23 PEA K 
c; 
-fl. 1 G 1 .: 1. 1 -1. 23 -1 .2 3 0.18 PIT 
10 - E ~. 1 (l s.c -C.3 5 -a. 3 ~ o. 10 EC•L 
1C - e~.l (l 10 .1 -(. 29 -0.2<; 0.10 PEAK 
343 
3'..4 
FDS 20t40'tl Ganymede 
CI<Al fl< UT ITUC E TE~R Cl.ti'(K/il ~O:CEPTH C£1\TEP DFPTH RIM HEIC..Hl TYPE 
5 
-7 8 .0 (l 10.0 - ( .41 -0.41 0.21 PIT 
t -H.l c 1 7. c -(.44 -0.40 0.24 PE~K 
7 
-7e.c u 1~.c; - 1. 13 -1.03 o. 1t PEAK 
e -EC.2 G1 <;.2 -C.48 -0.40 0.14 PEAK 
c; 
- E2. 2 (1 ~~.c -(.49 o.o~ 0.18 PIT 
10 -62 .3 ( 1 10.1 - (. 7<; -o. 11 o. C7 PEAK 
1-' -H .2 G1 33.1 -1. 62 -1.25 0.51 PIT 
13 -78.9 G I 1S.C - (. c; 2 -C.S2 0.27 PUK 
14 -71.1 (1 ; 1. 1 -1.13 -1. 13 0.~1 PIT 
15 -it.~ Gl 14.0 - ( . 92 -0.57 0. 14 PUt< 
lb -i7.4 (1 :: s. 1 - l. 41 -1. 2C, o. e5 PI 1 
17 -H.<; (l 33.1 -) .4 7 -1.2 7 o.~c I' IT 
16 -u .t (1 ll. 0 -C.:l -C.l7 o.c8 PBK 
1'> -b4.4 u t2 . c - (. 80 -O.H o • .:2 PIT 
;r - e; . 4 (1 413.0 -1.t..b -v.43 0.43 PEAK 
; 1 
-E3.0 (1 1 ~. 1 -(.4 S -C.23 o. 11 FEAt< 
24: - t4. 1 u .<t .o -) . 21 -c.se O.iS Sl"lH 
- ., 
"-
-Ci. 2 Gl ~2.0 -(.5 5 o.o 0.53 PIT 
2'- -H.5 Gl ;c;.o - C • E; -c. 74 o. 11 S/ilH 
- < 
"-
-f~.e Cl .?1 . 9 -(..4 3 o.o o.n SM Tl-
;t -E;.E G1 }<;.( -(.<;1 -C.1 2 0.21 FIT 
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Callisto 
FC~ l(l~l4:7 0 I :Z. 4 .:::5 .1. -T 0 0.:1-
CRnUo l,liTUlE THR [ IJI' (I<M l MAXUPTI-o CEf-ITER DEPTH RIM HEIGHT T'fPE 
1 1!!.1 ,c 78.0 -1.7 2 
-1.54 0.44 PIT 
5 1S.7 H l,t;.c; -(. E3 -c. 1c 0.45 P 1 T 
t. / .£0.<; H ~2.0 -c.e8 
-0.88 0.22 PEAK 
7 ~;.1 ,c ~s.o -1.38 
-1 .38 0.34 EGIIIL 
f / 14.6 /.( ~4.0 -C. tO -o.cc 0.22 blhl 
t: I". e H 22 .a -C.50 -0.20 0.32 SM 11-
.. 1.?. t AC 37.C - 1. lo6 -1. ;c; O.tO PEAK 
11 10.3 ,( lo2.c; -I. 59 -1.4 e o.se PIT 
1.? 1". 3 /J( ;a.o -c.ao -0.60 0.33 PIT 
Iio 14.7 AC ~e.o -~.C7 -0.45 o.sa PIT 
~~ 10.4 I( t.<;.O -.: .21 -2.7I 1.1o4 p l 1 
It! t.C H ~!. 1 -1.4 7 -o .38 0.58 PE,K 
1'1 ~.5 /J( Iet.c -.:.3E -~.3~ 1. 33 PI l 
~0 4.3 /.( n .s -(.92 -o.ec; 0.27 SMll-
" I ~. ~ AC ?C.S -). I2 -0.53 0.29 Sl". T 1-22 -C.3 .A( 39.0 -C.tE -o. ~~ C.43 PEAK 
~= -1.3 AC lt7.C, -.:.52 -1.97 1.41 PIT 
i4 -2 .~ /J( IC.O - (. S2 0.23 o. 43 SMlh 
2~ -3.6 H ~1.0 -2.34 -2.01 O.H SM lH 
"t; - ~. c 1-L t ~. 0 -1.76 -1.11 0.49 PIT 
28 -c;.c; /.( .to5.l - .<. Olo -0.81 0.'>4 PIT 
,cc; 
-S.5 I( 37.0 -~.40 -2.1E o.to PEAK 
;;., 
-•I.E A(. .<s.o -c. e; -c.e3 0.24 EChl 
33 -7.6 t( ~7.0 -.<.3t -2.33 0.7<; PIT 
I.. 
0124J1+001 
r 
·o·,. • •• • o. • ' · ..~: 
o •• 0 o •• o •• o ;.,-?;, o o~ .: • ·::Ct> ·~· <::> o 0 ••• • ,~ o o ... 0 .. . "o • :fi • o o • - •. · ;.. _:,, ; o o o •b· • 'V 
o • ,· . · · · ·---~ : -~·q; o 0 : • c:;' ',;-.,_.· _. · • • o 
,-· -.. 1 I ·.0 ·:c;). · ./\. 0 • ~ .. o" o.(~J • oO 
:.9,) : o/ 0 .:~ • 0 . •/\{;~ o • p, ;. o ,o oo •o 
• ·, J 0 • •• • 0 ·0 •• tJ 
• • • .o ·~ ..... : • • t6.' .. • 0 0 0 
• o • o ··- • :.o.: ··o:· • •• o • 
• , • • .. .... 0 , o. . . • ...... 0 a o 
0 • • f":'l \!--- . :i;\·; 0 •• • • 0 0 iS) ~ ·o ·· . • ·.\..:./.- o ••.. 
o 
0 
o , -I •• , • .r o .-, . · • o 0{·:~-. • • 0 ,_ . _.. 0 ° • . t ·, ,.) • • 
0 •• 0 • • • • • t:".;\5 0 -~· 0 00 
•. ·<j·· •.. ·. o v . n o cr • 
• o: : • ~ 0. ·. • • .· ····0 . 
• • -~ o. 0 lA' ./ 0 . ::. ~ 0 ·=-· .i '(::t. eX;; ..-.o 0 l 
•Jo • : \..:J .·• • • •,1':\:.. • • o·· ~,. • eoo 
• o : ' '. 1 • , '0 t> o o { \;,( oO o 0 • • I'<; o o 
0 . . '6 • • ·· ~·( : 0 • , # , Q • 0 
•• : 0 0 -· o ., A ooc 
...... ~, 0 0 • • • :~ • :.·@i 
......... 0 \ 0 o.. . . . ", .0 . 
•o :Q _ .... ···, ~ 0• 6 • • f'O o<:' ~oO 
. . "-' • 0 • •• tJ •• • . • ~ •• . :·.~ • • ·O··-- •• a~· ... , . ... · o 
0 • • 0 • •: o o ~ -/-L\ • ... . ,,. I_ , .• / 
• , , r.:1.. • • \r. 0 
•00 ••. o • •··o• .\!J. • • • 0 
: c;' o .. o o o 8 ? cDo ~ o • • ·aD 
0 0 :~ 0r-i._ • /:"') 0 • ... • 0 , ; 0 
- o0 0 \aV b (~;.:,. • •. ~:-~· oO:~ 0 
; ~- ·cPo • oo. '-(5 ~.~: • 0 • 0 
-' 0 • • •O , · • • 0 • 0 1" ~ h ' • . . . , . • 
.... . o 0 o o 0 •0 • o il .. :.t-: • ~ • '• :a ·· o o -:ffi? o • • ...... 
o.··o·· ·,·-. o• . • . o • • •. • • • 
• : " o. ·· .... 0 • • o • • • 
:(;)'\ o ·· .\ o · /."'\ . o lQ0 o 0 • ... - .:J D 0 - • u • • 0 0 
• 
.· 0 0 0 
0 . :o 
0 ... 
. . 
.:?!.:· 0 : ~,· 
0 ••• 0 0 
• . . . 
• ~~~~~- ~ ... 0 
., 
..J 
3 4-8 
Callisto 
f cs 1t4iL15S o l .)bS .i + <> 0 1.. 
CAll H lllllUE TEF<R CliP' IHI ,.lX[EFTt- CHT ER CEPTI- RIM 1-EIGMI TYPE 
1 t<;.E /J( !t.l -(.56 -O.Ot: 0.1'1 PEjK 
2 70.0 tC 14.1 -1.03 -1.0~ c.zs BOiol 
4 tt. ~ H ;<4 .0 -:<.43 
-2.43 0.63 BOiotl 
5 t4.E tC !~.0 -1.33 C.25 o. 76 PJT 
t: e;.o H ;t:.O -3.06 -3.0t: o. f3 eo H 
1 t:< .t AC JS.O -1. 52 
-1.52 0.43 PIT 
b t2 .o H ! 1.9 -J.H -l.tC 0.47 PE AI< 
JO 5c;.t j)( 24.0 -;c . 22 -2.0~ 0.74 PEAK 
1;c 5t.c; AC ! : . 0 - ). ; 2 -1.20 0.45 Pll 
14 57.8 H :;1.0 -).53 -C.<;E 0.44 SMlH 
1! ~3.; H 1~.c; -c. e2 -0.58 0.17 SMH 
1e ~0.7 j(. !0.1 -1. se -1. 5E 0.36 Pll 
1S ~o.c lC 28 .9 -l .14 -1.62 0.~1 SM lH 
~~ t.l.4 j)( ;co .c -1. 4E -1.48 0.52 SMH 
2.J 47.4 j)(. ;ct;.9 -1.01 -C.71 0.35 PEAK 
;c .. 4E . 3 AC 18 .1 -).89 -1.8<; 0.49 BDiotl 
L5 4:. 1 AC .::.o -L.c;5 -2.11 o. E7 FE AI< 
Zb i,3.S l( 44.0 -c.?: c .lt 0.27 PEAK 
:;c ~<;.~ A( ! ~. 1 -.:.82 -1.12 0.78 PIT 
;z ;<;.4 tC <:7.1 -~.t7 -~- t7 o. 71 PEAK 
!3 ;t . E /( <:7.1 -l. 2b -1.2t 0.4<; SM II-
L 
r 
0 
0 
) . 
0 
• 
• 
0 
• • 
0 0 0 
0 0 
0 0 
o. 
0 
0 
0 
0'0 
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Callisto 
FCS 2Ctlt.itl io34 S 2- o o:.. 
CRA1H l~l 1 1LCE HRR CIA,. I II,. l ,.AXCEPlH CHTER CEPTI- Rll' t-ElGhl TVPE 
l ~tO.l H .t.l .O -]. 2 5 
-1.25 0.3'1 PI T 
;_ 
.t,l.3 AC 28.9 -C.9t.. 
-o.n 0.26 SM 11-
) 
.,4.S ~c ~ 2. 1 -C. to 
-0.41 0.19 S"'1h 
4 4t: . O H 34.0 -c .14 
-C.4C: 0.40 Sl'lH 
4f . ~ Al. .t.2.1 -1.t. 8 
-1.20 0.23 SI'!Tt-
( 4S.t. /J( 1 19. 1 
- ~- :!3 -1.63 0.47 PIT 
1 "s. 1 t( t.5.0 -~.31 -1.7 3 0.43 Pl1 
l:l 4f.2 ~c .;E . 1 - (. t2 
-0.28 0.24 SM1t-
9 4d. 6 H ~4 .1 -(.75 
-0.31 c. 36 p I1 
l c 47.4 AC 3E.O -1.0't 
-0.81 0.38 PEAK 
1 l ~0.4 .l( ~.; • l - J. ~ 2 
-1.32 0.29 SOL 
u ~2.J H .cq.1 -c. 6<~ -(.6<; 0.25 BO ~<L 
J..: ~t.~ ~c ::4.0 -1. 10 -0.13 0.41 SMJt-
14 ~E.E t( 4E.<; -.c. 23 -1.qo o. 55 91Th 
J 5 ~ c;. 1 l( ~e.c; -1.49 -0.8:? o.~o SM 1 r. 
If tC.3 ~c ~2 . 0 - (. t;2 0.4~ 0.42 SM lt-
17 t3.4 H .< 1 .o - (. '5 -0.55 o. 30 BCiol 
18 t:: . t AC 31.1 - J .10 -1 .oo 0.30 SM T t-
I<; c3.4 AC .. 5.0 -1.37 -c.sc 0.34 PI1 
.20 t0.3 H ~4.0 -~.10 -2. 7C 0.13 PI 1 
~ J H.~ /JC '4.C, -1.27 -a .43 0.31 SMTI-
2.2 5S . O ~( 44.<; - (. t. <; -0.07 0.33 PIT 
~ 3 t ~ .4 H 112.<; -(.57 0.22 0.44 PIT 
.:4 H . C ~c ~ 1. 0 -(. tl -0.40 0.15 PEAK 
25 7G. tl /J( 1rl.O -}.<;4 -C.31 c.<; 7 PIT 
2t; 70 .4 /JC .<:2.0 -1.C,8 -1.qe 0.11 BOwl 
a 11.7 /JC tC .c; - 1. cs -C.H 0.37 FIT 
2o 73.1 lC ::c.o -::.ss -3.~~ O.E7 80"'l 
.c s I 1 • ~ /JL tC. c - 1. E <; -0 .3t 1.21 PIT 
30 14 . <; .. c :c.c -1.45 -1.4~ c. t 2 pI' 
32 1S.5 tC ~ <; .9 - 1. 76 -1 . 71 o. 1t. PIT 
() 
0 
.. 0 
.. .. 
C) 
0 0 
0 
~ 
I) 
• 
() 
CJ 
0 
• • 
'() 
CJo 
•• 0 
• o • • 
• 
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Callisto 
FCS £0t1t~1 to50::l2..-oo~ 
CkA 1 u, LA1 1 Jl. CE Hf; R CIH(Hl HX £ EFTI- CEf\T ER tEPTt- R JM HIGh T TYPE 
l 18.3 AC ::~o.o -1.'o2 -1.'o2 o. 2l Pll 
2 1s.e H ~8.0 -(. 72 -O.Io'i 0.23 p 11 
.! / .<1. 1 AC .: 1. 0 -c. 8l: -0.10 0.26 PIT 
4 1S.2 Al ~0.1 -1. OS -O.t~ o. 5€ FJl 
5 £ t.6 tL 27.9 -i.32 -~.32 o.~c; eoH 
c ~l,.t AC ::4.G - 1. E8 -1. ee 0.13 Pll 
-, 27 . /o AC 7 2 .1 - l. £/o -o. ~~ 0.40 PIT 
c ~(.t AC 13 . 0 -1.31 -1 .31 0.15 fOIOl 
c; 2 ~. 4 AC .<". 1 - J. 1 ~ -c. es 0.18 SM1h 
1C ;o.o AC ~ e .o - 1. 34 -0.76 o.:e PI 1 
1 1 
" ~. t AC io 2 .C - 1 . 32 0.10 0.33 SMlt-
12 ~=-7 f. I. !4.C - ). ~t C.~ E 0.66 SM1 H 
12 2 t..E J( 34.0 -C. 96 -0.4S O.t5 SMH· 
14 <i . E AC ~4.1 - (. 7 1 -0.71 0.2/o PEAK 
l. S ::L . ~ H .:s.9 -1.::1 -c .t:1 O.io3 PEAK 
1<> 25 . £: /JC ? 4 . 0 -(. 60 -0.31 0.13 PEAK 
17 ~t . 5 AC .<4.G -::. 24 - ? .24 o.so PEAK 
l h 34 .4 H. 56.0 -(.35 0.53 0.21 SMTH 
19 ::! .t AC ~E.C -t.Ot -1 .54 0.84 SMTt-
~(l 3 ~- 4 A( £?.0 -l.55 -C.47 o. 11 PEAK 
~ l ;~o.t tl 2~ . 0 -1.56 -1. 5l: o.t3 PEAK 
~ ~ ::2.1: ,1 ( le .C -]. 23 -1.20 0.13 PE•K 
2.j :n . s .ell ~ 2. 1 
- C • Sl: G.O 0.20 SI"TH 
t4 ::J.C A( tl.O - 1 .04 -0.92 0.36 PIT 
.< 5 :; " • 1 A( ::co - (. <;7 0.27 0.25 PEH 
2t 35.<; t( 3 :; .<; -1.08 -0.73 0.3E S/oiTH 
~7 :: t.~ H ~ e .~ -C. S4 -0.94 0.1/o SMTI-
t f:. 3t .c:. t( 4 ~. c - (.53 -C.14 o. ~2 SMTt-< 
~., ?: .t: tl 3~.c; -1.11 -0.77 0.1<; SM 1h 
::u ::E . E A( l(.Cj -I. 4<; -0.4€ 0.43 Pil 
3 1 39 . 3 t c 5 1.9 -c.&c; -o.et: o. 27 PIT 
~' 4 c. 1 t ( I, Cj . 9 -.:.1e -3 .1 e 0.81 PIT . -
-·" 
4C.S AC ::1.0 -C. EO -0.72 0.32 Sfol, 1H 
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Callisto 
fCS ~Ctll~~ t or6S2.-00.l... 
C:.ki-1 H Lll llLCE TEH 1:1 t1'11 t< ,. ) ,_~HEPTf- CENTFk OEPH RIM t-PGnl 1YPE 
1 -£5. E /1( 44.~ -G.87 
-0.43 o. ld SMTH 
2 - 2 1.5 ~c ::~o.l -1.«;3 
-c. 10 o. 5<> PEAt< 
.:, / 
-24.3 H .::5 .o -£.30 f1 SMlH 
-1.8 7 o. 4 / -£4.~ AC .1;).1 -1.17 
-o.ao o. ~s SMH 
5 -~1.5 t.C ~ ". 1 - ~. 1,(: -1. c;c c. ltE PIT 
(; / 
-18.4 AC 22.9 -I. 55 
- 1. 4(: o.:!4 PEAK 
7 -1!.3 A(. tl.C -4.94 0.(:) o. 74 PIT 
e / -12.9 H .::~o.o -4.2 2 
-I.t:t o. t5 PEAl< 
., 
-11.0 H 76.1 -1.51 
-1 .43 o. 74 PIT 
Jll 
" 
-1L,.E H 40.1 
- ]. ~" -0.41 o. 26 PIT 
ll -13.2 H .!5.0 -C.f't: -o.~t o. 32 SMlH 
1.! -I. 7 /IC:. 4C.O -£.03 
-0.53 1. 11 PEAK 
14 
-". 1 H !S.C -1.40 - 1.2 ~ o. 2t: FIT 
I~ - 5 . l tC E 3 .I -C. 37 0.07 o. 2C PIT 
16 -2.i A(. 4C.:.c; 
- J. "~ -1.2 5 c. 45 PIT 
17 -2.4 H .::5.9 -1.3 t: 
-c. et: o. 4£' SMTH 
1E - 2 .4 AC .:e.c -1. 88 
-1.88 o. 46 eo ... L 1<; -2.~ AC 41.0 -C.E 2 
-o.t:e o. 23 PEAl< 
20 -C.L, I( .::2.0 - 2 .0 5 
-I.e; 5 o. 41 SMTH 
4 1 (.4 /1( ~C.1 -1. oc; 
-c.c;o o. 37 PIT 
42 l • 1 tC .:: 1 .a -4. 4.! 
-l.E7 c. (:5 FEAt< 
-~ 
"· 2 tC £5.0 -1.78 -1 ·" 7 o. ~3 PIT 1. -~" "'·~ H. 47.c; -I. 13 -C.S7 o. 47 FEAK 2~ 6.4 A( t 5 . 1 -c. e:: -o.~' o. 37 PIT 2t E.4 /IC:. 7o.c -1. 8e 
-).19 o~ba PIT 
£7 c;.o /1( .li7.0 - 1. t 4 
-C.3.! o. 45 S"TH 
21: 10.3 t( 22.0 - 1 .4 e -1.~!: o~ 47 SMTH 
£<, C.:.7 AC "C.l -2.<; 5 
- 2 .24 o~ 39 SMTf-
;o 8.7 H ; 2 . l - l. 4(: 
-c. 11 0• 5c SMTH 
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fCS ~Ct li<l r o 'i 4 J d.- o 0 ~ 
CIUl [J.. Ullll..(E TH~ [l t,. (I( I') 1'11Xl£Plt-. C.ENHR CEPTt- RIM 1-rE IGnl TYPE 
31 41.2 AC 3Q.c; -1.32 
-1.32 0.37 fOlol 
3<o J,f.<; tc ::z.c -:: .oe 
-3.0l 0.40 fOiol 
--
4 f. 7 ~( 34.<; -1.07 
-1.07 Q.1E fO"-l 
?i, ::s.z A(. t c; • 1 -1. c;a 
-1.71 0.41 SM Tt-
35 -43.9 AC .(9.1 -(. 1€ 
-o. 1E 0.27 PEAK 
::£ J,1.E t.(. ~2.0 -1. 1 a 
-0.38 0.43 SMT t-
.,-
-I 40 . 0 /l(. ::~.0 - ~. 14 -2. 14 0.78 f(lol 
;tl ~6.8 /.( ~ 7.9 -1 .1 c; 0. 15 0.44 PIT 
3'- ::~.£ A C. H.<; - (. 6'7 
-0.28 0.28 SHlt-
1,(. ::1.2 tc £0 . 0 -:: .l 0 -2.e1 1. 31 SI"TH 
'-1 ~e.4 J( 4'7 . 0 -~.9& -o.c;e c.sc PEAK 
"" 
£7. : A(. ~5.0 -I. 14 -1.11 0 . 57 PIT 
4. : 24 . 1 tC 4?.0 -l. cc; -1. OS C.45 PIT 
l,i. - c ~-•C A( 55 . 0 -1.11 -0.92 0.32 PIT 
45 z~. £ Al <7.0 -(.l.5 -c.os o.zo PEH 
357 
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358 
FDS 44004 . 20 Ence1adus 
Crater Diameter 
-
Max Depth (km) Center Depth Rim Height 
1 19 . 8 - 1.09 - 0 . 66 0 . 49 
2 21.4 -0 . 51 -0.40 0.18 
3 15 . 5 - 1.35 - 1 . 35 0.28 
4 11 . 3 - 1.36 - 1.36 0.33 
5 17 . 2 -1 . 03 -0 . 78 0 . 38 
6 11 . 6 - 0.94 - 0.94 0.24 
7 19.3 - 0 . 81 - 0.21 0 . 21 
8 16.9 -0 . 44 - 0.20 0 . 22 
9 16.2 -0 . 05 - 0 . 03 0.03 
10 13 . 6 - 0 . 25 - 0 . 11 0.13 
11 16.5 - 0 . 24 0.0 0.13 
12 7.9 - 0 . 90 - 0 . 90 0 . 16 
13 9 .6 - 0.66 -0 . 66 0 . 16 
14 32.4 - 0 . 90 - 0 . 11 0 . 37 
15 34.4 - 0 . 96 -0 . 58 0 . 49 
1 6 16 . 9 - 0 . 42 - 0 . 42 0.17 
17 16 . 2 -1.12 - 1.12 0 . 34 
18 19 . 4 -1 . 17 - 1.14 0 . 34 
19 13 . 2 - 1.52 - 1.52 0 . 34 
20 9 . 6 - 0.98 - 0 . 98 0 . 16 
21 10.4 - 0 . 69 - 0 . 69 0 . 23 
22 13 . 2 - 0 . 58 - 0 . 58 0.34 
23 15 . 3 - 1.39 - 1.39 0.40 
24 14 . 1 - 1 . 33 - 1.22 0 . 30 
25 9 . 6 - 0 . 91 - 0 . 91 0 . 24 
26 11.9 - 1 . 46 - 1 . 46 0 . 28 
27 13 . 9 - 1.42 -1 . 42 0 . 44 
28 12 . 6 - 0 . 77 -0 . 77 0 . 29 
29 11 . 3 - 0 . 19 - 0 . 19 0 . 11 
30 10 . 9 - 0 . 87 - 0 . 87 0 . 26 
31 7 . 4 - 0 . 25 - 0 . 25 0 . 15 
32 7 . 9 - 0 . 22 - 0 . 22 0 . 10 
33 11 . 5 - 0 . 14 0 . 0 0.09 
34 11 . 3 - 0 . 08 - 0.01 0 . 04 
35 10 . 6 - 0 . 06 - 0 . 02 0 . 03 
36 15 . 9 - 0 . 88 - 0 . 73 0 . 24 
37 10 . 0 - 1 . 07 - 1 . 07 0 . 20 
38 17 . 1 - 0.15 - 0 . 05 0 . 12 
39 10 . 6 - 0.06 - 0 . 03 0 . 03 
40 14 . 6 - 0 . 28 - 0 . 11 0 . 15 
41 11 . 6 - 1.30 - 1.30 0 . 33 
42 10 . 6 - 0 . 82 - 0.82 0 . 16 
43 10 . 3 - 0.42 - 0 . 42 0 . 09 
44 26 . 8 -0.60 - 0 . 09 0 . 34 
45 18 . 9 - 2.57 - 2 . 57 0 . 33 
46 22 . 7 - 1 . 57 - 1.57 0.57 
47 12 . 6 - 1.15 - 1 . 15 0 . 31 
48 37 . 0 -0.15 - 0.02 0 . 08 
49 (65 . 0) - 0 . 12 - 0 . 04 0 . 04 
359 
